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ABSTRACT 
African waves are the major synoptic system over North Africa in the summer. 
Previous studies have reported that African waves could be distinguished into the two 
different waves (African easterly waves and Burpee waves) on either side of the African 
easter y ~ et. 
Burpee waves (BWs) have been studied by numerous researchers, therefore, they are 
well known in the literature. In contrast, African easterly waves (AEWs) are not understood 
very well, due to the lack of data gathered over the desert. Previous studies have reported that 
vertical structures of the AEW is shallow near the surface on the north side of the jet. 
However, they do not explain the shallow structure of AEWs. Thus, the first objective of this 
study was to explore the limited height of AEWs by analyzing NCEP reanalysis data. 
According to these results, the mid-level high over North Africa plays an important role in 
limiting the height of AEWs. In addition, vorticity budget and streamfunction budget analysis 
indicate the vortex stretching term is the major dynamic process for vertical development and 
limitation of AEWs at the low and mid levels. 
Previous studies have mentioned the African jet is also weakened by African waves, 
but they did not explain the real-time interaction between them. Therefore, the second 
objective of this study was to explore the interaction between the jet and the wave. The 
results of Fourier analysis indicate the relationship between the perturbation and the jet 
depends on the relative positions between them. Vorticity budget analysis also indicates that 
zonal vorticity advection is an important term for perturbation on the south side of the jet to 
1X 
develop rotation to increase the jet. In contrast, the planetary vorticity advection is the key 
dynamic process enabling AEWs to develop on the north side of the j et, causing it to weaken. 
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CHAPTER 1. INTRODUCTION 
1.1. Motivation for the Study 
The geophysical characteristic influencing North Africa is the Sahara Desert. The 
desert causes the surface air to be warm and dry (Aspliden and Adefolalu, 1976). The 
area is the so called "Sahara heat low". It is also the convergent zone of the northerly and 
southerly flows with a deep well and mixed boundary layer in the low level, which is 
referred to as the Sahara air layer (SAL) (Carlson and Prospero, 1972; Karyampudi and 
Carlson, 1988). These flows have different attributes in which the northerly flow is warm 
and dry, whereas the southerly wind is cool and wet. However, the contrast diminishes 
with height. 
In the North African continent, precipitation falls on the coast near the Gulf of 
Genius, termed the Intertropic Convergent Zone of the North African continent (Burpee, 
1972). According to the precipitation distribution, the North African continent basically 
could be separated into a dry climate region in the north and a moist tropical climate 
region in the south. 
For the long-term mean circulation characteristics, one can refer to the zonal 
mean flow meridional cross section made by Reed et al. (1977). The African easterly jet 
appears at about 15°N at the mid level. The mid-level easterly jet causes a horizontal 
wind shear and a vertical wind shear. The southern side of the jet has a cyclonic flow, 
whereas the northern side of the jet has an anti-cyclonic flow. In addition, the vertical 
wind shear is the source of baroclinic instability to induce African waves. In the upper 
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level, there is the tropical easterly jet about 5°N at 200mb. Thus, there are two easterly 
jets in the different levels over North Africa. 
The African waves are caused by a tropical synoptic perturbation developing in 
this complicated environment. They usually propagate over North Africa to the Atlantic 
Ocean, and even to the Caribbean between June and September. They are the main 
feature of the African and Atlantic regions in the summertime. In addition, the African 
wave could be the source of tropical storms that affect North America, as well as 
triggering tropical cyclones over the eastern Pacific (Frank, 1970 ;Wallace, 1970). For 
this reason, the African summer perturbation is an important influence over North Africa. 
Hence, there are several related topics concerning the African wave, such as its genesis, 
maintenance, and activity over the Atlantic Ocean, etc. 
During the initial search for the themes of this study, intriguing results of previous 
studies were considered. The number of perturbations in the summer per year could be 
referred to a study by Carlson in 1969. Carlson used upper-air data to plot a streamline 
chart to compare it with a satellite image to identify Africa waves over the North African 
continent. He estimated the case number of African waves propagating over the west 
coast from June S to October 15, 1968 to be 3 3 . The major trajectories of the waves can 
be seen in Reed et al. (1988a). These results also indicate two preferred areas for African 
wave development: one is between 5°~10°N and the other is between 15°~20°N over 
North Africa. Reed's study suggests two groups of African waves in either of the African 
easterly jets because the climate-mean jet core is about 15°N near the west African coast 
(see Appendix, Fig. A-1 a). Reed et al. (1988b) showed there are two maximum variance 
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values of meridional wind in the low level about 20°N and in the mid level at 5°N, 
implying that the meridional average structure of the waves are different on either side of 
the easterly jet (see Appendix, Fig. A-1 b). As these studies suggest, the African easterly 
jet may affect African wave development and there are two different types in either side 
of the jet. 
Pytharoulis and Thorncroft (1999) depicted that the time mean of the perturbation 
velocity square at 700mb has two maximum values in the ocean, and in the West African 
coast near the jet core, yet there is only one maximum value at 925mb near the West 
African coast (see Appendix, Fig. A-2). According to these results, it appears that the 
African waves can perturb the African easterly jet when the waves propagate near the 
coast. 
According to Reed et al. (1977), the motion of the African wave results from the 
z 
c clonic shear zone of the African easterl ' et because barotro is instabilit - a u ~ 0 Y YJ ~ p Y(~ 2 ) 
can be satisfied in this region (see Appendix, A-3). The energy of the wave is mainly 
from the easterly jet through barotropic and baroclinic conversion. Latent heat release 
enhances baroclinic conversion. 
Therefore, these previous studies could provide two directions (Reed et al., 1977; 
Pytharoulis and Thorncroft, 1999): 
1. The vertical structure of the African wave over North African (especially, the 
height of the African wave); and 
2. The relationship and interaction between the African waves and the African 
easterly jet. 
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Fyfe (1999) used NCEP (National Center for Enviromental Prediction) reanalysis 
data and ECMWF (European Center for Medium Range Weather Forecasts) operation 
data to analyze the means, variance, covariance, and propagation patterns of the African 
waves. He pointed out the two assimilation data are available to analyze the time-mean 
characteristic of these waves over North Africa (for example, the propagation pattern, see 
Appendix, A-4). So, the results reveal the NCEP reanalysis data are a proper datasets to 
study this topic. Therefore, this study uses the NCEP reanalysis data to analyze the 
synoptic characteristics of the waves. In our own opinions, there are several advantages 
using the reanalysis data. The datasets are grid-point assimilation datasets. They can 
provide the entire value of the meteorological variables in each grid point to escape the 
missing data problem due to the density of stations. 
1. The data also have a continuous advantage. One does not need to worry about 
missing data or a system error generated from an assimilation system change. 
2. Complete three-dimensional data could be used to explore the horizontal and 
vertical structures of the waves. 
3. For precipitation, the GPI (Geos Precipitation Index) and OLR (Outgoing 
Longwave Radiation) data are used and also could provide the grid-point data to 
analyze the rainfall pattern of the waves without missing or no-station data. 
1.2. Purpose, Need, and Objectives of the Study 
The central purpose of this study was to explore the interaction between the 
African waves and the mid-high high over North Africa. African waves are the major 
synoptic weather system over North Africa in the summer time. Some are also the source 
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of tropical storms over the North Atlantic. Previous studies have concluded that African 
waves can be separated into two different types, each on either side of the African 
easterly jet (Reed et al., 1988a; Lau and Lau, 1990; Fyfe, 1999; Chen, 2003). One-type is 
a Burpee wave (BW) which occurs on the southern side of the African easterly jet, 
whereas the other is an African easterly wave (AEW). 
Numerous studies have explored Burpee waves (BWs) using synoptic analysis or 
model simulation. Thus, the structure of these waves is well known. Burpee waves 
propagate on the southern side of the African easterly j et and develop with barotropic and 
baroclinic instability due to a strong wind shear at the mid level (Burpee, 1974; Reed et 
al., 1977). Thus, the maximum amplitude of BWs is mainly at the mid level. 
In contrast, AEWs are not very well understand, due to the lack of data over the 
desert. It is difficult to explore the structure of an AEW over the desert on the northern 
side of the easterly jet. More recently, some studies have noted the maximum amplitude 
of the AEW is at the low level (~925mb), before the wave crosses the jet (Reed et al., 
1988b; Lau and Lau, 1990; Fyfe, 1999; Pytharoulis and Thorncroft, 1999). However, 
these studies do not explain the mechanism limiting the development of AEWs over 
North Africa. Thus, the first objective of this study was to explore the limited height of 
the AEWs. NCEP reanalysis data were used to analyze the synoptic structure of AEWs 
between the low level and mid level. The results indicate that the mid-level high over 
North African play an important role that limits the vertical development of AEWs. 
The vorticity budget equation can be used to explore the dynamic process and 
maintenance of the vertical structure of AEWs and BWs. Data results indicate the vortex 
stretching term provides a maj or contribution for AEW development at the low level and 
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the zonal vorticity advection term is the major process to maintain BWs at the mid level. 
In addition, the negative vortex stretching effect due to the mid-level high limiting the 
height of AEWs can be illustrated by vorticity budget analysis and streamfunction 
analysis. 
On the other hand, previous studies have noted that the growth of the African 
waves is related to the African easterly jet (Rennik, 1976; Simmons, 1977). The African 
easterly jet could also be weakened by African waves reducing barotropic and baroclinic 
instability (Thorncrof and Blackburn, 1998; Pytharoulis and Thorncrof, 1999). However, 
most studies have used the energetic view to explain the interaction but this does not 
explain the real-time variation of the jet. Therefore, the second objective of this study 
was to explore the interaction between African waves and the African easterly jet. Then, 
the results could reveal whether AEWs decelerate and BWs accelerate the jet. The 
perturbation can also be isolated by the Fourier separation method to show that the 
interaction and the relationship of the perturbation and the jet depend on the relative 
position between these factors. Next, the vorticity budget analysis shows that AEWs have 
a different dynamic process at the different stages. The zonal vorticity advection term is 
the key term for BWs and the ridge ahead of AEWs to develop the rotation of the 
perturbation to increase the easterly jet at the growth stage and the mature stage. In 
contrast, planetary vorticity advection, due to mid-level strong northerly wind, is the key 
dynamic process to enable the AEWs to continue development under the mid-level high 
and decrease the easterly jet in the growing stage. 
1.3. Thesis Organization 
Chapter 1 presents the background, purpose, and objectives of the study. A review 
of related literature is presented in Chapter 2. The data and methodology of the study are 
introduced in Chapter 3. They include the Fourier analysis method, vorticity budget 
analysis, streamfunction budget analysis, the criterion of baroclinic instability and the 
criteria for the selection for African easterly waves and Burpee waves. Chapter 4 
introduces the mechanism to limit the height of AEws over North Africa. The large-scale 
circulation and environment condition effects are explored with limited AEWs. Chapter 5 
discusses the interaction between the African waves and the African easterly jet. 
According to the kinetic energy index of the African easterly j et, a synoptical flow can be 
found and the perturbation can be isolated and presented. The dynamic process is also 
explored using the vorticity budget. Finally, Chapter 6 presents the conclusions of the 
study based on the objectives and questions presented, and gives recommendations for 
future research. 
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CHAPTER 2. LITERATURE REVIEW 
African wave studies have been conducted for several decades. Historically, the 
earliest study was published in the mid 1930s. Regula (1936) and Piersing (1944) used 
station data over North Africa to study westward propagating waves. They concluded the 
period of the waves is about 4 days and the wavelength is about 2000 km near the surface. 
In the late 1960s, upper-air data were made available in a study by Carlson (1969a and b), 
who combined upper-air data and satellite images to identify the African wave. He noted 
that a 700mb trough was often accompanied by enhanced cloudiness and convection. 
This study found that the convection of the African waves is wet. 
Burpee (1972) analyzed station data and sounding data over North Africa using 
the spectrum and composite method, especially the climate maximum rainfall area. 
Burpee's study was based on the criterion of baroclinic instability derived by Charney 
and Stern (1962) to explain the mechanism of the African wave. Burpee used a composite 
of upper-air data to compute the monthly-mean meridional vertical cross-section of the 
potential vorticity in 5°N and 35°N in August 1972. The waves develop with baroclinic 
instability and the meridional gradient of potential vorticity could be the changed sign in 
the baroclinic zone caused by the African easterly jet. Burpee also posited that the 
African easterly jet might come from the surface temperature gradient over the Sahara 
through a thermal wind relationship. Thus, the mechanism of the African waves and 
easterly jet become important influences over the African climate. 
In 1974, the Global Atmospheric Research Program (GARP), Atlantic Tropical 
Experiment (GATE) was held to better understand the relationship between the tropical 
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cumulus convection and large-scale circulation. This experiment generated many African 
wave studies to summarize GATE data. For example, Reed et al. (1977) conducted a 
composite study of the westward disturbances, or waves with a wavelength of 2500km, 
with a eriod of a roximately 3.Sdays, from August 23rd to September 19th, and p pp 
determined some characteristics of the waves: 
1. The maximum intensity of the wave is at 65omb, and it has a cold core below mid 
level, whereas it has a warm core above mid level. 
2. The wave usually has two centers at the surface: one is below the upper center, 
whereas the other is more northerly at the monsoon trough. The two-center 
structure of the waves are usually found over land. 
3. In the vertical structure, there is an anti-cyclonic circulation with divergent 
motion in the upper level ahead of the wave that has cyclonic circulation with a 
convergent and upward motion. In addition, the low-level convergent motion is 
associated with the cloud cover and precipitation. 
4. The eight waves used for a composite of the results are located on the southern 
side of the African easterly jet, thus barotropic instability due to the AEJ would 
2 
also be a condition for wave develo ment - a u ~ 0 . p (~ 2 ) 
Norquist et al. (1977) used the energetic method and the spectrum method to 
diagnose a composite African wave during Phase III of the GATE. He noted that kinetic 
energy is maintained by the conversion of zonal kinetic energy and eddy potential energy 
available from zonal potential energy. The baroclinic conversion is more important than 
the barotropic conversion over land, and the higher value of these two conversions is 
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near the mid-level easterly j et. This implies wave growth is related to the African easterly 
het. 
Thompson et al. (1979) analyzed ship-date over the eastern Atlantic from phase 
III of the GATE to study the structure of the easterly wave. He compared the results with 
the tropical cyclone in the tropical Pacific. Thompson et al. found that the waves in the 
eastern Atlantic and the western Pacific have a difference in vorticlty, divergence and 
vertical motion fields. In particular, the divergent field of African waves has multiple 
divergent layers in the mid and upper levels, whereas the weaker convergent layer is near 
the surface. In contrast, there is a difference in the single divergent and convergent center 
structure of the wave in the western Pacific. For energy conversion, the barotropic 
process has a positive effect for the African wave in the Atlantic Ocean due to the jet. 
The baroclinic conversion has a negative effect associated with the stronger vertical 
motion and a cooler temperature at the low level. The eddy available potential energy is 
lost from diabetic heat (latent heat release) with a cooler temperature. In contrast, the 
waves in the western Pacific gain kinetic energy from the baroclinic process from eddy 
potential energy generated by condensation heat. Thompson et al. also noted that the 
difference caused by the African j et at the mid level is due to the lack of these features in 
the western Pacific. 
Some characteristics of the African wave derived from these studies are listed as 
follows. 
1. It is an easterly wave tilting eastward, with a height below 600mb from North 
Africa to the Atlantic. 
2. There are usually two perturbation centers near the surface under the trough. 
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3. The maximum amplitude of the waves is at the mid level. 
4. The wave period is about 3-6 days, and the wavelength is about 2500km. 
5. The wave's convection motion is deep in the wet environment near the West 
African coast. 
6. The necessary conditions for African wave development are barotropic and 
baroclinic instability on the southern side of the easterly j et. 
Nevertheless, due to a lack of the observation data and the limited observation 
stations over the Sahara Desert, these studies were limited in the exploration of the 
northside African waves over the desert. Some studies were also carried out to explore 
this phenomenon in the Sahara over North Africa, yet, for the most part, these waves 
have been ignored in recent work. 
Carlson (1969b) analyzed 2,000 ft, and 10,000 ft streamline charts and satellite 
images in 1968 over 20°N. He found that the more northerly wave along the southern 
edge of the Sahara Desert was acloud-free vortex with a weaker convection. This wave 
is different from most cases in his study. 
Burpee (1974) analyzed station data and upper-air data in the summer seasons 
from 1968 to 1969. He also found north-side waves with surface pressure and meridional 
wind variance within the 3.6 to 5-day period that have maximum values over 20°N. 
Burpee noted that the mechanism of the waves is related to the monsoon trough in the 
Sahara Desert. 
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Albigant and Reed (1980) analyzed upper-air data in Dakar (14.7°N, 17.5°W), 
Their results also indicate the maximum amplitude of the meridional wind in a time 
series within a 2.5 to 5-day range that has a spectral maximum at 850mb. 
After the First GARP Global Experiment (FGGE) in 1979, global assimilation 
datasets became available for analyzing the weather in the observation area previously 
lacking data (i.e., the Saraha Desert). Several studies have used assimilation data. Reed 
et al. (1988 a) evaluated the performance of the ECMWF Model. He analyzed the 
African waves associated with tropical storms over the Africa and the Atlantic to 
estimate the simulation improvement of large-scale circulation in the tropics. They 
computed the vorticity at 850mb to trace African wave trajectories with the daily 
vorticity maximum value and satellite images from August to September of 1985. The 
results indicated other different waves at the southern edge of the Sahara area at about 15 
°N. In another study by Reed et al. (1988b), the spectrum method was used to analyze the 
horizontal and vertical structure of the African waves in the 2.9 to 4.3-day period. The 
meridional wind amplitude in the north-south vertical cross-section shows the different 
height for two typical waves in which the northerly one is at the low level, whereas the 
southerly one is at the mid level (see Appendix, Fig. A-lb). 
Duvel (1990) used ECMWF data to analyze four different regions in the African 
continent and Atlantic Ocean on either side of the African easterly jet. The results, which 
appear at the 2.8 and 5.1 day mode of the meridional wind in the low level, have 
maximum amplitude near the western African coast at 20°N and the convection motion of 
the waves is shallow on the northern side of the jet in the Sahara Desert. 
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Lau and Lau (1990) used twice-daily ECMWF operational data from 1980-1987. 
The Extended Empirical Orthogonal function (EEOF) method was used to analyze the 
transient component of the tropical disturbance. They noted that African waves have two 
different characteristics: 
1. There are two propagation tracks from North Africa to the Atlantic Ocean. This 
finding concurs with Reed et al. (1988a). The northern track is located along the 
south of the Sahara Desert with ascent of warm and dry air over the surface, and 
the south track is located with climatic rainfall at a maximum at 10°N. 
2. The strongest vertical structure of the African wave is close to the surface, whereas 
is located mid level in the Ocean. This finding contrasts with that of Carlson 
(1969b), who used limited sounding data and satellite images, and referred to a 
cloud-free vortex over the desert due to weaker moisture convection. 
Thorncroft and Hoskins (1994a) discussed the condition of baroclinic instability 
for the growth of the African wave. They noted the disturbance over the Sahara Desert on 
the northrtn side of the mid-level jet should only develop at the low level and decay with 
height because the meridional gradient of potential vorticity and the meridional gradient 
of the potential temperature are negative near the surface. 
Pytharoulis and Throncroft (1999) extended their 1994 results using operational 
data from the United Kingdom Meteorological Office (UKMO) unified model and 
sounding data at the two stations in Darker and Bamako, from June to October in 1995, 
to explore the low structure of African waves on the northern side of the easterly African 
jet. The sounding data of the operational data analysis results also show the spectral 
14 
maximum of meridional wind within a 2.5 to 6-day range at 925mb on the northern side 
of the jet, with the maximum value at 700mb on the southern side of the easterly jet. 
Fyfe (1999) used NCEP reanalysis data, ECMWF operational data and GCM data 
to analyze African waves. Fyfe's results show that the two-assimilation systems can 
simulate the characteristics of the waves, but GCM cannot be simulated properly. Fyfe 
also mentioned notable different result between NCEP reanalysis and ECMWF data, 
although ECMWF assimilation system has changed over the years. These results also 
indicate that the southerly wave is associated with the barotropic process in which the 
horizontal perturbation momentum flux is away from the easterly jet. The energetic 
conversion of the northerly wave is related to the baroclinic process, with a warmer 
temperature and stronger upward motion over the Sahara Desert. For the propagation of 
the disturbance, Fyfe used Principal Oscillation Patterns (POPS) to sort the propagations. 
The results also show that the height of the African waves in the northerly track 
gradually increase from the surface (over the African continent) to mid level (over the 
Atlantic Ocean). 
Chen (2003) studied the genesis of African waves and also noted the genesis of 
two different waves at either side of the African easterly jet. The northern one is linked to 
the heating of the diurnal desert, whereas the southern one is related to baroclinic 
instability. 
Hence, these studies have shown that different typical waves exist on the northern 
side of the African easterly jet. The northerly waves are called African easterly waves 
(AEWs) and the southerly waves are termed Burpee waves (BWs). The different 
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characteristics of AEWs and BWs according to these aforementioned studies are listed as 
follows: 
1. AEWs develop in the monsoon trough of the Sahara Desert on the northern side of 
the African easterly jet. BWs develop on the southern side of the jet due to 
baroclinic instability. 
2. The maximum amplitude of AEWs is at the low level, whereas the maximum 
amplitude of BWs is at the mid level. 
3. AEW development over the Sahara occurs based on three conditions: neutral static 
stability (-a8/ap); a large north—south gradient of potential temperature (a8/ay); 
and a negative north-south gradient of potential vorticity at the mid level. 
4. The convection motion of AEWs is dry and shallow, whereas it is wet and deep for 
BWs. 
5. The temperature of the AEWs is warm at the low level, whereas it is cold for BWs. 
Earlier studies have noted the existence of northerly waves, but offered little explanation due 
to the lack of data over the desert. It was conjectured that AEWs should have a linkage 
with the mid-level wave. More recent studies (e.g., Pytharoulis and Throncroft, 1999) 
have indicated that AEWs are shallow and different from BWs. However, analysis still 
lacks an understanding of the rationale for the limited height of AEWs. Although AEWs 
are linked to BWs, based on atwo-center structure, it is unclear why some are able to 
merge together over the Atlantic Ocean to become tropical cyclones. 
The previous results present the environmental conditions and vertical structure 
of AEWs in spectra. These previous studies do not seem to explain: (1) the process 
limiting the height of AEWs and (2) the maintenance of the low-level structure of AEWs. 
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In addition, one can compare AEWs with a tropical disturbance in other regions. 
Lau and Lau (1990) noted that the maximum amplitude of a tropical disturbance over the 
Indian or Western Pacific Ocean is usually higher than SOOmb, but the maximum 
amplitude of AEWs is below 600mb over North Africa. The major propagation track of a 
tropical disturbance in India and the Western Pacific Ocean is unique. However, there are 
two major propagation tracks on either side of the African jet. As a result, AEWs have 
some delineating features. The African jet is in the south edge of the mid-level high over 
North Africa. What is the role of the mid-level high which limits the African waves? 
Chen and Yoon (2002) applied stream function budget analysis to explore 
westward propagation and the height limit of the monsoon depression. They found the 
monsoon depression is suppressed by the Tibetan high at 300mb and westward 
propagation is dominated by a vortex stretching with wave CISK (Convective Instability 
of the Second Kind) process. In this case, AEWs are also limited to mid level and 
western propagation. Are there similarities between studies conducted by Chen and Yoon 
(2000) and the current research? 
Therefore, the first objective of this study was to explore the mechanism that 
limits the height of AEWs in the North African continent. 
The following questions are discussed in Chapter 4 regarding the limited height of 
the African easterly wave over North Africa. 
1. What mechanism or process maintains the amplitude of AEWs at the low level? 
2. Why is the height of AEWs limited to below the mid level? 
On the other hand, for the relationship between the jet and the waves, Burpee 
(1972) noted that the growth of the African waves from the African easterly jet satisfies 
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the necessary condition of baroclinic instability. Reed et al. (1977) formed a composite 
of African waves from the GATE data. He found the majority of the waves are satisfied 
with barotropic instability because they gather on the southern side of the African 
easterly j et. 
Most studies conducted thereafter used a numerical model to simulate the African 
wave to avoid problems due to a lack of data. Several studies employed energetic 
analysis and a spectrum method to study maintenance of the waves and the jet. 
Rennick (1976) used a linear primitive presudo-spectral model to simulate the 
waves. He pointed out the eddy kinetic energy of the African waves gained from the 
expansion of the African easterly jet. Rennick also noted that the linear mode cannot be 
used to describe the transfer of the energy from the mean flow to the wave in time 
variation. In reality, the wave is generated continuously in the summertime. Rennick 
conjectured the non-linear effect should be able to solve this problem. 
Simmons (1977) applied aprimitive-equation and adiabatic spectral model that 
excludes all mid-latitude and high-latitude flow features, and isolated tropical waves to 
explore African waves. He ascertained that the growth of African waves could be 
changed with a different wind profile. This implies that the maximum zonal wind at the 
mid level could affect African waves. Simmons computed the barotropic and baroclinic 
conversion of simulation results and determined that the barotropic process is preferable 
to the baroclinic process for wave generation. These results are similar to those of 
Rennick (1976) but disagree with Norquist et al. (1977). Simmons perceived the 
difference is caused by difficulties in model simulation from observation, yet static 
instability could be simulated well and affect wave development. 
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Mass (1979) used a primitive equation model which explained that the convection 
motion of the disturbance would influence African waves from the African easterly jet 
with baroclinic instability, implying the interaction between different level adjustments. 
Paradis and Redelsperger (1995) used a linearized PE channel model to study the 
effect of dry and wet environments on wave generation. The results showed wind shear 
change and conversion parameterization (CISK-type scheme) could affect growth rate of 
the waves. Waves in a dry environment have similar propagations characteristic of 
African waves in previous studies. Energetic budget analysis indicated that baroclinic 
conversion and barotropic conversion are nearly equal, similar to results of Norquist et al. 
(1977). The growth of African waves could be affected by a vertical wind shear change 
associated with thermal direction circulation below the African easterly jet, with the 
latent heat release effect more significant in the south. Because of the limitation of the 
convection parameterization, the results of simulation still descript the reality 
insufficiently. On the other hand, the moisture and convection process could enhance the 
growth of the African waves. 
Thorncroft and Hoskins (1994a,b) extended Simmons' (1977) work and used the 
Eliassen-Palm flux to show the conversion of the baroclinic and barotropic processes 
with African waves on the African easterly jet. They also pointed out that the waves can 
weaken the African jet through diabetic heating to enhance the baroclinic process. 
As a result, linear simulation is the idealized easterly jet as there is an unlimited 
and unchanged energy source for wave development. Therefore, because the majority of 
previous research on African waves did not simulate the waves in addition to preparing 
simple linear equations, those results are questionable. 
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Thorncroft and Blackburn (1998) studied conditions for the African easterly jet 
with surface heating and ITCZ moisture convection. They pointed out the jet should be 
perturbed by African waves because the steady j et of their study cannot exist in reality. 
Pytharoulis and Thorncroft (1999) analyzed operational data from UKM04 The 
results showed that African waves could perturb the African easterly jet near the western 
African coast in a real-time variation. A possible explanation is that the amplitude of 
African waves could be raised at the mid level to reach the maximum value by the 
instability of the jet. 
According to the aforementioned studies (Simmons, 1977; Pytharoulis and 
Thorncroft 1999), some characteristics between the waves and the jet are listed as 
follows: 
1. From an energetic viewpoint, the kinetic energy of African waves is gained from 
the jet to reduce the instability of the African easterly jet, and occurs from the 
vertical and horizontal wind shear. 
2. The African wave can weaken the African easterly jet, when it moves into the 
western African coast and reaches its maximum amplitude at the mid level. 
3. Hence, the interaction may be a nonlinear process. 
However, most studies have employed either the energetic method or spectrum 
method to analyze the interaction between the wave and the jet. There are some 
disadvantages when using these methods. 
1. The energetic method employs mean time and space averaging. The 
time-variation feature of the jet and the perturbation may be ignored. 
2. In addition, the composite method used in early studies by Burpee (1972, 1974) 
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and Reed et al. (1977) with limited data may not isolate the main structure of the 
wave. 
3. The time-spectral method analyzes single-point data and the results depend on 
wave passage. In addition, the spectral method may not show the weaker signal in 
the early development of waves. 
The interaction of precipitation over North Africa is related to the African easterly 
jet and the waves (Payne and McGarry, 1977; Rowell and Milford, 1993). For this reason, 
real-time interaction and distribution with the waves and the jet become important. 
However, previous studies did not clearly show the dynamic process between the 
waves and the j et. A lack of data may be the major problem. Currently, NCEP reanalysis 
is available for analyzing the waves and the jet in time variation. In addition, previous 
studies did not distinguish the interaction caused by AEWs and BWs, even though the 
two waves have a different vertical structure and exist in different environments over 
North Africa. 
The second objective of this study is to understand the interaction and 
relationship between African waves and the African easterly jet. The following question 
will be discussed in Chapter 5. 
1. Pytharoulis and Thorncroft (1999} noted the African jet could be affected by the 
African wave applying time series analysis. This results in the question: What is 
the relative flow pattern during the interaction? This was not addressed in previous 
stu ies. 
2. How do AEWs and BWs influence the African easterly jet individually? Do they 
increase or decrease the jet? 
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3. If the energetic method cannot work using real time variation to explore the 
dynamic process, is it possible to study AEWs and BWs in an alternative way? Can 
vorticity budget analysis be used? One may ask: What is the dynamic process of 
the interaction between the waves and the jet? How can one present the process 
directly? 
4. What different j et interactions occur using AEWs and BWs? 
2.1. Procedure 
The following steps were undertaken to explore the question of the first objective: 
Explore the mechanism that limits the height of AEWs in the North African continent. 
1. The African wave was identified. This study employed inventory results from an 
African wave genesis study by Chen (2003). The zonal and meridional wind at 
925mb from the NCEP reanalysis data project was used to compute the vorticity 
over North Africa and the Atlantic Ocean. Then, plotting the vorticity and the 
streamline together were done to trace the African wave and point out the location 
of the wave with the local maximum value of the vorticity. Two criteria must be 
satisfied: 
a.Disturbance is a westward propagation; and 
b.The wave life cycle is longer than 2 days. 
Reed et al. (1988) used a similar method. The period of the identification took 
place in June, July, August, and September from 1991 to 2000. 
2. According to previous studies, shallow African waves exist on the northern side 
of the African easterly jet over North Africa. Therefore, the north-south 
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cross-section of the zonal wind and vorticity of each case was checked to 
distinguish the type of AEW or BW in the early development stage. 
3. The vertical structure of AEWs and BWs over North Africa were analyzed with a 
north-south and east-west cross-section of the zonal wind and vertical motion to 
determine the height of the waves. Also, the horizontal streamline chars form 
925mb to 200mb were checked for the existence of the wave. 
4. Because most of AEWs have a shallow structure, the major characteristic of the 
vertical and horizontal structure for African waves were explored. Then, the 
north-south and east-west cross-sections of the meridional wind, vertical motion, 
specific humidity, potential temperature, and streamfunction for each case were 
analyzed to determine the structure and understand the relationship among these 
meteorological variables. 
5. To understand the dynamic process of the shallow waves, vorticity budget and 
streamfunction budget analysis were used to explore the dynamics. Each term in 
these equations was computed and compared vertically and horizontally with the 
other term. 
The following steps were undertaken to carry out the second objective of the 
study: Explore the interaction and relationship between African waves and the African 
easterly jet. 
1. To understand the real-time variation of the African easterly j et, a range between 
10°W and 0° was selected to determine the average kinetic energy of the African 
easterly jet in JJAS from 1991 to 2000. The following are two reasons for 
selecting this range: 
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a Previous studies showed that the maximum amplitude of African waves 
appear at the mid level near the western African coast; and 
b Pytharoulis and Throncroft (1999) showed that the variance of the filtered 
perturbation kinetic energy has two maximum values in the Atlantic Ocean 
and in the West African coast. The 10°N is the boundary that separates 
them. 
Then, the maximum value between EQ to 25°N was selected and the second order 
least square fit was used to eliminate the seasonal cycle component. Thus, the 
index of kinetic energy of the African easterly j et could be computed. 
2. The occurrence frequency of AEWs and BWs from 1991 to 2000 was applied to 
determine the flow pattern and characteristics of the waves with the African 
easterly jet using the horizontal streamline chart from 925 to 600mb. The time 
evolution of the African waves were analyzed with a 600mb kinetic energy index 
to determine the flow pattern during the period of the kinetic energy change. Then, 
the major patterns were compared for AEWs and BWs with the African easterly 
~ et. 
3. To understand the effect of the perturbation component, the Fourier separation 
method was used to isolate the waves to explore the influence of the short wave 
component of the perturbation. 
4. The synoptical condition and variables (U, V, W, Precipitation, and OLR ,etc.) 
were also analyzed vertically and horizontally in the time evolution of the wave to 
understand the evolution of these variables during the interaction. 
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5. Vorticity budget analysis and streamfunction budget analysis were reapplied to 
explore the dynamic process of the interaction. Each term of the equation was 
analyzed vertically and horizontally, and the results were used to explore likely 
processes for the African easterly jet and variations with the African easterly 
wave. 
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CHAPTER 3. DATA SOURCES AND METHODOLOGY 
3.1. Data Sources 
3.1.1. NCEP reanalysis datasets 
The NCEP reanalysis data were from the NCEP/NCAR reanalysis project. The 
time period of the data was from 1948 to the present. The data are available from 
ftp://ftp.cdc.noaa.gov. Time resolutions of the dataset included 6 hours, daily, and 
monthly means, etc. The resolution of the Reanalysis Model was T62 (209km). The 
dataset included several different coordinate systems. The coordinate system used is a 
pressure vertical tack (17 levels, including 1000, 925, 850, 700, 600, 500, 400, 300, 250, 
200, 150, 100, 70, 50, 30, 20, and lOmb) on a 2.5°x2.5° latitude-longitude grid. The 
detailed information is referred to by Kalany et al. (1996). 
Daily datasets from 1991 to 2000 were used in this study. The main analysis 
period was the four months, June, July, August, and September in each year. The 
variables used for analysis were: zonal wind, meridional wind, vertical motion, and 
specific humidity. 
The limitation of the NCEP reanalysis data is referred to by Higgins et al. (1996). 
They explore the reliability of the NCEP reanalysis data to compare the several analysis 
results between the NCEP reanalysis data and the GEOS 1 reanalysis data during 1985 to 
1993. Finally, they found the major problems of the NCEP reanalysis data are the 
humidity field and precipitation. For other fields, both datasets can simulate similar 
results except there are some differences in the zonal mean field like the Hadley cell, etc. 
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3.2. Methodology 
3.2.1. Fourier analysis 
For an infinite and predic series, Fourier analysis is a powerful tool to decompose 
this series into an infinite sinusoidal-component series. 
00 
f(x) _ ~ (AS sinkSx+Bs cosksx) 
s=1 
where:As is the coefficient of the S-th component for the sin function; 
BS is the coefficient of the S-th component for the cos function; 
ks is the wave number of the S-th component; and 
2~s 
ks = , where L is the wavelength. 
L 
The orthogonal relationship of the sinusoidal function can be applied to compute 
the coefficient of each component. 
f sin 2~ x sin 2~  dx = { ~~ 
p L L 1/2, 
Thus, the coefficient, sin and cos functions are 
sin 
s=n 
AS = ~ f f (x) sin 
Z~rsx ~ ~ BS — ~ f. f fix) cos 2~rsx ~ 
Lp L Lp L 
and the S-th components of the data are: 
f s (x) = AS sin ks x + BS cos ks x k = 2~s s L
The zonal components of the variables in the global domain are continuous, 
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which means the data can be decomposed periodically into different wave regimes. The 
wavelength summarization of several components can present the perturbation scale 
from the total components. For this reason, the Fourier analysis method was applied in 
this research. 
3.2.2. Vorticity budget analysis and streamfunction budget analysis 
The horizontal momentum equation without friction force in the pressure 
coordinate is: 
n 
~~ + fkXv=-vc~ 
Then, the vorticity equation is O x (1) 
3.1 
Figure 3.1 is plotted to illustrate the significance of each terms in vorticity 
equtation over North Africa in the mid level. The results show that — f (O • V) is much 
larger than — ~(0 • V) and -v~3 is also larger than -vat/ay for the perturbation. 
Therfore, ( f)<O(1) and equation (2) becomes 
ta  --f ~° ~V~ —u ax —v'~ 
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(a)is the vortex stretching term, 
(b)is the zonal vorticity advection term, and 
(c)is the planetary vorticity advection 
After inverting the Laplian, equation (1) is transformed (Chen and Yoon, 2000): 
v-2 ~ at 
e=+v-2 (—.f(v~V»+v-2 (—u ~~+v-2 ~—v~> 
t!/~ WX~ iV~ +VAa
For this study, each term of the vorticity budget equation was computed to 
explore the main dynamic process in the vertical cross-section and horizontal chart. 
However, it is difficult to interpret the results of the vorticity budget analysis to gain a 
physical sense of the scale analysis (Kang and Held, 1986). Kang and Held also noted 
that the streamfunction can be used well in the scale structure. Therefore, streamfunction 
budget analysis was used to explore the dynamic process for perturbation in each level. 
3.2.3. Baroclinic instability criterion for African waves 
1. First, 15 days mean of zonal wind were computed together with potential 
temperature between African wave genesis dates ± 7 days. 
2. The zonal wind and the potential temperature were applied to isentropic 
coordinates because of the potential vorticity on the isentropic surface, 
a3' P 
3. Then, the potential vorticity was computed with the zonal wind and the potential 
temperature in the isentropic coordinate. 
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4. The potential vorticity was interpolated from the isentropic surface to isobar 
surface, then the north-south gradient of potential vorticity was computed. 
Charney and Stern (1962) derived the criterion of baroclinic instability. Instability 
requires the meridional gradient of the potential vorticity to change sign inside the flow. 
Therefore, the meridional gradient of the potential vorticity was computed to apply 
thecriterion to distinguish the African wave from the Burpee wave. 
3.2.4. Selection criteria for AEWs and BWs 
The selection criteria were proposed by Chen (2003). First, the vorticity was 
computed at 925mb over the North Africa and the Atlantic Ocean. The African waves 
were identified with two conditions: (1) Westward propagation from North Africa to the 
Atlantic Ocean; and (2) a life cycle longer than 2 days. 
The following critiera were applied to distinguish between AEWs and BWs: 
1. Determine the location of the African wave early in its evolution. If the wave is on 
the northern side of the African easterly jet, it is an AEW; if not, it is a BW because 
it satisfies the condition of barotropic instability. (when the perturbation is on the 
southern side of the ' et in tro ics stron a can cause a + to chan e si n J p ~ g ~ (.f ~) g g ~ ~ 
within fluid.) 
2. Use baroclinic instability to determine the wave on the south of the jet. If the wave 
satisfies the criterion, it is a Burpee wave; if not, reassess the location of the wave. 
3. According to previous studies (Burpee, 1974), the northerly wave is in the region 
of the monsoon trough. Therefore, one must examine the northerly wave to 
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determine the mean sea level pressure, which is smaller than 1012mb. If the wave 
exists in the region, it is an African easterly wave. 
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CHAPTER 4. LIMITED HEIGHT OF THE AFRICAN 
EASTERLY WAVE OVER NORTH AFRICA 
4.1. Climate Characteristics 
Reed et al. (1977) averaged and composited GATE data from August 23 to 
September 19 in 1974 to plot the meridional cross-section of the zonal mean wind 
between 30°W and 10°E. The results presented several characteristics of the zonal flow 
over North Africa in the northern hemisphere summer (see Appendix Fig. A-3). 
1. The prevailing wind near surface is westerly, and the maximum wind speed is 
about Sm/s. 
2. The mid-level easterly jet is approximately 15°N. The height of the jet core is 
approximately 600mb, and the maximum wind speed is approximately —12.Sm/s. 
3. The tropical upper-level jet is approximately 4°N, while the jet core height is 
200mb and the maximum wind speed is approximately 12.5 m/s. 
4. Because of the mid-level jet and the low-level westerly wind, there is the strong 
vertical and horizontal cyclonic wind shear on the southern side of the easterly jet 
to form the baroclinic and barotropic instability conditions. 
However, the previous features are described in the vertical cross-section of the 
zonal mean component. In order to understand the summer stationary circulation over 
North Africa, Chen and Hsieh (2003) studied composite GEOS1 data in the summertime 
(JJA) from 1981 to 1995. Several characteristics of summer circulation over North Africa 
are: 
1. The Tibetan high is the major circulation in the upper level during the 
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summertime, and the tropical easterly jet extends from the western Pacific to the 
western African coast. The wind speed over the North African continent is l Om/s. 
2. The mid-level troposphere is high over North Africa and the AtlanticOcean. The 
mid-level jet is along the south edge of the high and extends from the Arabian Sea 
to the eastern tropic Altlantic Ocean. The maximum jet core located over the 
north African continent is about 15°N, with a maximum wind speed of l Om/s. 
3 . The streamfunction at 8 S Omb over North Africa appears at the African monsoon 
trough. 
These characteristics provide a clearer picture of the summer monsoon's 
circulation in the Northern hemisphere, especially over North Africa. 
For the African wave, most previous studies mention the perturbation generating 
with barotropic and baroclinic instability on the southern side of the African easterly jet. 
The instability occurs when the BW is generated on the southern side of the African 
easterly jet, which is in the south edge of the mid-level high. On the other hand, Chen 
(2003) noted that AEW genesis is related to the Sahara heat low under the mid-level high, 
and conjectured that three-fourths of the perturbations are AEWs. His results demonstrate 
that AEWs in the initial stage are shallow and weaker near the surface, and the main 
mechanism of the genesis is linked with the diurnal heating of the desert surface. In 
addition, AEWs and BWs have different propagation tracks on either side of the African 
easterly jet (Reed et al., 1988; Lau and Lau, 1990; Fyfe, 1999; Chen, 2003). The AEWs 
generally propagate on the northern side of the African easterly jet before arriving at the 
West African coast, whereas BWs propagate on the southern side of the African easterly 
jet. AEWs propagate in the Sahara heat low, while BWs move near the coastal Gulf of 
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Guinea, the climactic maximum rainfall area. After the waves arrive at the west African 
coast, they cross the African easterly jet and move continually into the Atlantic Ocean 
along the southern edge of the Atlantic Oceanic high. 
Thus, according to these results, it appears that the African wave propagation is 
affected largely by large-scale circulation. In the North African continent, AEWs are 
under the mid-level high. As previous studies have indicated, the vertical structure of the 
waves should be limited near the surface (Lau and Lau, 1990; Fyfe, 1999; Pytharoulis 
and Thorncroft, 1999). Thus, the first reaction might be to conjecture that the phenomena 
is caused by the mid-level high; however, these studies did not explain the role of the 
high in limiting the African easterly wave. Therefore, a synoptic analysis was performed 
initially in the current study. 
4.2. Synoptic Structure of the Case Study 
In order to explore the mechanism limiting the height of AEW's over North 
Africa, all cases of AEWs and BWs from 1991 to 2000 were analyzed. There were 306 
AEWs and 97 BWs identified that occurred this time period (Chen, 2003). The basic 
difference between AEWs and BWs is genesis location. AEWs are generated on the 
northern side of the African easterly jet, whereas BWs are generated on the southern side 
of the jet (Chen, 2003). The maximum amplitude of AEWs and BWs were described as 
occurring at the low level and the mid level according to previous studies (Burpee, 1974; 
Reed et al., 1988; Lau and Lau, 1990; Thorncroft and Hoskin, 1994; Pytharouolis and 
Thorncroft, 1998; Fyfe, 1999). The results were presented according to several methods 
(e.g., spectrum method, composite method, and EOF analysis, etc.) These results isolated 
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the system from the total components and depicted the major structure of the wave 
without successfully describing the environmental conditions. 
However, if one attempts to understand the mechanism of this phenomenon 
within alarge-scale circulation, previous methods have been limited in presenting the 
mechanism. Hence, two typical cases of AEWs and BWs were selected in the current 
study to present the results of the first objective. Synoptic analysis of the waves was 
undertaken to conceptualize the waves. 
4.2.1. African easterly wave 
The case used to study AEWs occurred from 8/6/93 to 8/17/93. In order to 
describe the time evolution of the case, this research focused on AEW activity over the 
North African continent, then separated the life cycle of the perturbation into four stages. 
4.2.1.1. Initial stage 
An AEW was generated in the convergent zone near the Lake Chad on 8/6/93 
(Fig. 4.1). The 600mb streamline chart shows that the AEW developed under the 
anti-cyclonic flow on the northern side of the AEJ. The vortex structure of this 
perturbation is not clear at 925mb in this stage. However, the vorticity could show the 
existence of this perturbation. 
Chen (2003) determined that dry convection is an important process that 
generates AEWs near the surface, because the statistic instability is basically neutral in 
the Sahara Desert. A meridional cross-section plot of the potential temperature and 































Fig. 4.1. (a) Streamline charts with of u shaded at 600mb on 8/6/93 (initial stage), 8/13/93 
(growing stage), and 8/15/93 (mature stage); (b) streamline charts with ~ shaded 
at 925mb for the stages as (a); u is larger than 6 (12) ms-1 and is lightly (heavily) 
stippled, respectively, ~ is larger (smaller) than 5(-5) x10-6s-1 and is stippled 
heavily (lightly), respectively. AEW is denoted by (x) on the charts. 
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Fig. 4.2. North-south cross-section of the zonal average of 8 and q at 15°E ± 5° on 8/6/93. 
Contour interval of 8 is SK. q larger than 5(10) g•kg-1 is lightly (heavily) 
stippled. The location of the perturbation is indicated by a short thick line. 
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the surface from 15°N to 25°N and the larger value of specific humidity is located under 
the mid level from the Equator to 17°N. These characteristics agree with previous studies 
(Carlson and Prospero 1972; Karyampudi and Carlson, 1988), which indicate the 
conditions of the desert are warm and dry. The perturbation generates at the north edge of 
the moisture in the weaker statistic instability environment. Thus, this perturbation 
satisfies the criteria for genesis of an AEW. For the kinetic vertical structure, Fig. 4.3a 
reveals there is weak cyclonic rotation (~ > 5x10-6s-1) at this stage for perturbation at 
925mb on the northern side of the AEJ. vorticity becomes negative due to the AEJ in the 
mid level. As shown in Fig. 4.3b, there is no vortex structure at the low level for this 
perturbation. Therefore, the perturbation is just beginning to develop. 
4.2.1.2. Growth stage 
The perturbation moved westward near Mali on 8/13/93. Figure 4.1b reveals the 
perturbation develops into a cyclonic vortex structure at 925mb. The perturbation is on 
the northern side of the AEJ and a trough is located on the eastern side of the 
perturbation at 600mb (Fig. 4.1 a). This implies the maximum amplitude of the 
perturbation might be at the low level and there is a strong northerly wind associated 
with the perturbation at 925 and 600mb (Figs. 4.1a and 4.1b). 
The vertical structure of the perturbation (8/13/92) was then analyzed. Figures 
4.3a and 4.3b indicate that positive vorticity of the perturbation(> SX10'6s~1) is under 
600mb with cyclonic rotation wind and the maximum amplitude of the vorticity is at 
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Fig. 4.3 (a) North-south cross-section of u with ~ shaded along the latitude of the AEW 
in the three stages as shown in Fig. 4.1(a); (b) east-west cross-section of v with 
the shading area of ~ along the longitude of the AEW in the three stages. 
Contour interval of u (v) is 2ms-1, respectively. ~ larger (smaller) than 5(-5) x 
10-6s-1 is heavily (lightly) stippled. The location of the AEW is indicated by the 
short thick line. 
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Pytharoulis and Thorncroft, 1999). As shown in Figure 4.2g, the perturbation is on the 
northern side of the Africane asterly jet and negative vorticity of the anti-cyclonic wind 
shear is caused by the jet above 
600mb. The vortex height of the perturbation is under 850mb, and the vorticity of the 
perturbation is a vertical distribution that extends to 700mb. 
4.2.1.3. Mature stage 
The perturbation moved into Mauritania near the West African coast on 8/15/1993. 
The horizontal streamline and vorticity chart at 925 and 600mb indicate a small eastward 
titling between the vortex and the mid-level trough (Figs. 4.1 a and 4.1 b). 
The vortex vertical structure of this AEW indicates that the height of the 
perturbation is below 800mb, and the vorticity and the vortex wind could extend above 
400mb after it propagates on the southern side of the African easterly jet (Figs. 4.3a and 
4.3b). 
Thus, the synoptic analysis results of the time evolution of this perturbation 
denotes that the height of the perturbation is significantly different between the growing 
stage and the mature stage. The development of the AEW is limited under the mid-level 
high during propagation over the North African continent. The vorticity of the 
perturbation can develop over 600mb, after crossing the African easterly jet at the south 
edge of the mid-level high. The maximum amplitude at the mid level can be intensified 
by the African easterly j et. 
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4.2.2. Burpee wave 
The BW was also analyzed for comparison with the AEW. Because the easterly 
jet at the south edge of the mid-level high induces BWs, the wave does not cross the 
African easterly jet. Therefore, the life cycle of the BW was divided into two stages, 
initial and mature, to present the time evolution of the perturbation. BWs occurring from 
9/2/99 to 9/ 11 /99 were selected to present the synoptic condition with the perturbation. 
4.2.2.1. Initial stage 
According to a composite of the results by Reed et al. (1977), the perturbation can 
exhibit a clear vortex at 850mb, not at the surface. Amulti-level streamline chart used to 
verify the genesis of the perturbation indicated that the vortex structure is present at 
850mb at the eastern side of the perturbation (not shown). The perturbations were 
generated near the boundary between Niger and Nigeria on 9/2/1999 (Fig. 4.4). Figures 
4.4a and 4.4b indicate that the perturbation is located on the northern side of the cyclonic 
vortex at 600mb and there is no vortex structure near the surface. 
Along the north-south vertical cross-section of the zonal wind, the perturbation is 
located at maximum vorticity, which is 600mb on the southern side of the African 
easterly jet (Fig. 4.5). The vorticity of the perturbation indicates the perturbation is weak 
near the surface, and the vorticity tilts southward as the height increases. After 
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Fig. 4.4. (a) Streamline charts with u shaded at 600mb on 9/2/99 (initial stage) and 
9/4/99 (growing stage); (b) streamline charts with ~ shaded at 925mb on the 
two stages as (a); u larger than 6(12) ms-1 is lightly (heavily) stippled, 
respectively. ~ larger(smaller) than 5(-5) x 10-6s-1 is stippled heavily 
(lightly) ,respectively. 
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Fig. 4.5. (a) North-south cross-section of u with ~ shaded along the latitude of the BW in 
the two stages as Fig. 4.4(a); (b) east-west cross-section of v with ~1 shaded 
along the longitude of the BW in the initial and mature stages. Contour interval 
of u (v) is 2ms-1, respectively. ~ larger(smaller) than 5(-5)x10-6s-1 is heavily 
(lightly) stippled. The location of the BW is indicated by a short thick line. 
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and zonal wind in the x and y directions, it was noted that the vortex structure exists only 
at 850mb in the initial stage (Figs. 4.Sa and 4.Sb). 
In retrospect, Figure 4.4a (9/4/99) indicates a strong northerly wind and 
convergent flow did not exist for perturbation. Thus, as shown in previous studies, a BW 
is generated as a result of barotropic and baroclinic instability with a strong vertical and 
horizontal cyclonic wind shear. The meridional gradient of the potential vorticity was 
computed for this case. Figure 4.6.a shows the perturbation generating with a strong 
vertical wind shear and stable statistic instability on the southern side of the jet, and 
Figure 4.6b reveals the perturbation is satisfied with the baroclinic instability criterion 
during the development because the meridional gradient is zero near the genesis location 
of this case in the mid level. 
4.2.2.2. Mature stage 
The perturbation propagated westward near the Ivory Coast on 9/4/1999. The 
vortex of the perturbation develops well at 925mb. Figures 4.4a and 4.Sa show the 
perturbation developing on the southern side of the AEJ. The jet can induce strong 
vorticity at the mid level and extend to the low level. There is a southerly flow at the 
western side of the perturbation at 925mb (Fig. 4.4a). The vertical cross-section of the 
meridional and zonal winds for the perturbation indicates a maximum value of vorticity 
at 700mb, and the height of the vortex is below 800mb (Figs. 4.Sa and Fig. 4.Sb). 
Therefore, the synoptic features and time evolution of these two waves are also 
present in the time-mean during their entire life cycle (Fig. 4.7). Figures 4.7a and 4.7b 
reveal that an AEW generates and develops in the monsoon trough under the mid-level 
















Fig. 4.6. (a) North-south vertical cross-section of the time average and meridional 
average of u and Bat 2.48°E~2.5° from 9/2/999/16/99; (b) the same as (a), 
except for aq/ay. Contour interval of 8 is lOK, a is 2ms-1, and aq/ay is 
10-1~s-lm- ~ . u smaller than -2(-10) ms-1 is lightly (heavily) stippled. aglay larger 
(smaller) than 10-12 (0) s-im-i is heavily (lightly) stippled. The location of the 
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African coast. Eventually, the wave moves westward from Africa to the Atlantic Ocean. 
Figure 4.7b and 4.7c reveal that the BW has a different trajectory from that of the AEW. 
The B W generates at the south edge of the monsoon trough and the mid-level high on the 
southern side of the AEJ. The entire life cycle of the BW propagates on the southern side 
of the AEJ. The streamfunction at 600mb indicates there is a strong northerly flow for the 
AEW and a strong easterly flow for the BW. Thus, the trajectories of these two waves 
agree with the previous studies (Reed et al., 1988b; Lau and Lau, 1.990; Chen, 2003). 
AEWs and BWs have been described previously according to synoptic conditions 
in the growing and mature stages. AEWs are limited before they catch the African easterly 
jet,whereas BWs are not. The different features of both waves are described as follows: 
The AEW is located on the northern side of the African easterly jet in which the 
ambient wind shear at the mid level is anti-cyclonic. The BW is on the southern side of 
the African easterly j et in which the ambient wind shear is cyclonic at the mid level. 
1. The vertical wind shear is weak during AEW development on the northern side of 
the African easterly jet. The vertical wind shear is strong enough for the BW to 
develop, due to barotropic and baroclinic instability (shown in Fig. 4.6). 
2. The static stability (-a8/ap) is weak (strong) for AEW (BW) development. 
3. The AEW is in the convergent zone with a strong and deep northerly wind, 
whereas the BW is at the south edge of the monsoon trough with a southerly wind 
near the surface. 
4. The AEW is under the mid-level high over North Africa. The BW is near the south 
edge of the mid-level high. Thus, the height of the AEW is under the mid-level 
high, whereas the BW is not. 
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5. The AEW has a vorticity maximum value at the low level, whereas the BW has a 
vorticity maximum value at the mid level. 
4.3. Differences in Features as Compared to Previous Studies 
Previous studies have compared AEWs and BWs according to several features. For 
example, Reed et al. (1977) and Thompson et al. (1979) studied the composite 
observational data of GATE. Findings by Reed et al. are referred to in many studies. Thus, 
most comparisons of the vertical structure are made according to findings by Reed et al 
Reed et al. (1977) analyzed phase II GATE data gathered from 8/23/74-9/19/74. 
The station data were then set into 56 boxes to align the values among the boxes to use the 
spectrum method to process these data within a 2 to 6-day period. Afterward, the focus 
was concentrated on the perturbation at 700mb to further explore the GATE data. They 
found 8 perturbations during the observation and separated based on the low-level vortex 
wind direction of the perturbation to separate each waves into 8 categories and composite 
these waves. For further clarification of the perturbation pattern, they removed the zonal 
components from the data. Thus, several features from their study, especially in the 
meridional cross-section, can be listed 
1. The meridional wind deviation of the perturbation has a maximum cyclonic 
fluctuation (~Sm/s) at 650mb and another anti-cyclonic fluctuation at 200mb (see 
Appendix, Fig. A-4a). 
2. The vorticity distribution of the perturbation is a positive maximum at 650mb and 
there is a negative vorticity at 200mb (see Appendix, Fig. A-4c). 
3. The strongest divergent motion is located at 200mb, and the weakest convergent 
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motion is located near the surface (see Appendix, Fig. A-4d). 
4. The tilt of the perturbation is eastward below 700mb and westward above 700mb 
(see Fig. A-4a). 
5. The largest upward motion is located at the low level, ahead of the perturbation, 
whereas the weakest downward motion is at the eastern side of the wave (see 
Appendix, Fig A-4e). 
6. All of the cases are propagated on the southern side of the AEJ. Reed et al. (1977) 
suggested that barotropic instability is necessary for development of the African 
wave. 
In order to compare these two typical AEWs and BWs with the results of Reed et 
al. (1977), the current study applied the Fourier method to represent perturbation with 
waves 5-31 in a wind field. The current research utilized the same components and 
variables of the vorticity field, divergent field, and vertical motion as used by Reed et al. 
Because the eight waves in the previous study were well-developed near the surface, 
focus in the current study was on comparisons at the growing and mature stages of the 
AEW and BW. A zonal cross-section of these variables of the AEW and BW is presented 
in Figure. 4.8. These results can be compared with those of Reed et al. The following are 
several features listed along with the previous results for these stages. 
4.3.1. Growth stage of the AEW 
The AEW can develop well at the low level in this stage. However, the features of 
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Fig. 4.8 (a) East-west cross-section of the short-wave component (5-31) of v with the 
vorticity (~) shaded along the latitude of the AEW in the growing stage; (b) is 
the same as (a) except for the AEW in the mature stage; (c) is the same as (a) 
except for the BW in the mature stage; (d) east-west cross-section of the 
divergent (D) with the vertical motion (-c~) shaded along the latitude of the 
AEW in the growing stage; (e) is the same as (d) except for the AEW in the 
mature stage; (f) is the same as (d) except for the BW in the mature stage. 
Contour interval of v is lms"1 and of D is 2x10"6s"1. ~ larger (smaller) than 5 (-5) 
x 10-6s- ~ is stippled heavily(lightly) and -~ larger than 3 (-3)x 10-4mbs-1 is 
stippled heavily (lightly). The location of the AEW (BW) is indicated by a short 
thick line. 
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1. The height of the perturbation can be indicated by the vorticity and vertical 
motion in the east-west vertical cross-section (Figs. 4.8a and 4.8d). The results 
show that the height of the perturbation can only be developed below 700mb and 
is limited under the mid level. 
2. The largest fluctuation of the meridional wind and the vorticity are found at the 
low level (Fig. 4.8a). This finding disagrees with previous results at the mid level 
(600-700mb). 
3. The vertical motion is also limited under the mid level, and the upward motion is 
at the center of the perturbation, not ahead of it (Fig. 4.8d). 
4. The first maximum convergent motion occurs near the surface at the center of the 
perturbation, and a second maximum divergent motion occurs at 700mb. This 
finding also differs from previous results (Fig. 4.8d). 
5. The tilt of the perturbation can be indicated by vertical disturbance of the 
meridional wind deviation in Fig. 4.8a. It appears that the perturbation tilts 
eastward below 700mb. 
4.3.2. Mature stage of the AEW 
As shown in the synoptic analysis in the previous section, the AEW propagates on 
the southern side of the AEJ. It can develop vertically with a stronger wind shear. The 
following are similarities as well as differences from the results of Reed et al. (1977): 
1. Figures 4.8b and 4.8e indicate the major vertical structure of the perturbation at 
this stage is between surface and 600mb because the meridional wind deviation, 
the divergent field and vertical motion reveal the structure consistently. The 
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synoptic streamline, when examined level by level, shows that the perturbation 
can extend to 300mb. 
2. The largest fluctuation of the short-wave component of the meridional wind for 
the perturbation is at the low level, not at the mid level (Fig. 4.8b). The maximum 
vorticity of the perturbation is at the mid level. These findings agree with the 
previous study because vorticity is induced mainly by the easterly jet, not the 
vortex wind. 
3. The vertical motion is upward at the center of the perturbation and can extend to 
200mb. Afterward, there is a downward motion at the eastern side of the 
perturbation (Fig. 4.8e). This AEW is similar to previous composite results. The 
only difference is that the upward motion is not ahead of the wave. 
4. The vertical distribution of the divergent field is complicated as mentioned by 
Reed et al. However, the largest value of the divergent field is the convergent 
motion near the surface and the second maximum value is the divergent motion at 
the mid level. These findings are consistent with the vertical motion distribution 
(Fig. 4.8c). On the other hand, the findings are different according to the largest 
divergent motion at the upper-level as mentioned by Reed et al. (1977). 
5. The tilt of the perturbation is mainly eastward below 600mb and is westward 
above 600mb. This feature agrees with the results of Reed et al. (1977). 
4.3.3. Mature stage of the BW 
As in the previous study by Reed et al. (1977), the BW can develop a vortex well 
at the low level in the mature stage. The horizontal and vertical wind shears are stronger 
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for this perturbation because the BW is on the southern side of the AEJ. The propagation 
and behavior of this BW are basically similar to the cases in Reed et al. Following are 
similarities as well as differences in features when compared with the results of Reed et 
al. (1977) 
1. The largest fluctuation of the meridional wind deviation is about 6m/s at 700mb, 
similar to Reed et al., but there is no clear anti-cyclonic rotation at the upper 
level. The vorticity maximum of this perturbation is at 600mb, due to the easterly 
jet. This feature agrees with Reed et al. (Fig. 4.8c). 
2. The vertical motion is upward ahead of the perturbation and it can extend to 
200mb. The weak downward motion is at the eastern side of the perturbation (Fig. 
4.8~. 
3. The divergent field is the stronger convergence near the surface and is the 
divergent motion at the mid level. However, the divergent field at the upper level 
is relatively weaker than that at the mid level and low level. Thus, the vertical 
distribution of the divergent field disagrees with previous results by Reed et 
al.(1977). 
4. The tilt of the BW is slightly eastward below 600mb and is westward above 
600mb. 
Therefore, the kinetic features of African waves have some differences from that 
of Reed et al. (1977), especially distribution of the meridional wind deviation, vorticity, 
and divergent field. There are three possible reasons causing the differences 
1. The spatial distribution of the stations over the North African continent may not 
have been adequate to observe the perturbations when studies were conducted 
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previously, especially in the desert. For this reason Reed et al. (1977) used 56 
boxes to interpolate the observational data into grids and average the data. 
2. The vertical structure of the perturbation was studied using upper-air data in 
Reed et al. (1977). However, the AEW is shallow at the growing stage and the 
BW is mainly in the mid level on the southern side of the AEJ. Due to radiosonde 
drift with a stronger easterly flow at the mid level, the sensor may move too 
quickly and cannot measure the waves properly. 
3. Reed et al. (1977) noted that another perturbation in the monsoon trough is 
related to the mid-level wave. However, no attempt was made to distinguish the 
difference between the AEW and BW. In addition, because the cases selected by 
Reed et al. were on the southern side of the AEJ, this indicated the perturbation 
was mature. Therefore, those results could not represent a shallow AEW. 
4.4. Vorticity Budget Equation Analysis 
As in the results of the synoptic analysis, the vorticity budget equation analysis 
was applied to explore the possible dynamic process for the AEWs and BWs to 
understand the mechanism of the limited height of AEWs. Focus was made on the AEW 
at the growing stage and the BW at the mature stage. 
4.4.1. African easterly wave 
For the AEW, one can compare advection terms and vortex stretching of the 
east-west vertical cross-section. The two features are given as follows 
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1. The vortex stretching term (- fv • v) is positive and important near the surface 
because planetary vorticity is larger than relative vorticity of the AEW in the 
mid-level ( f < O(1) ). There is also a strong divergent motion at the mid level 
(Fig. 4.9a). 
2. For the easterly wave, u is strong and negative, and a~/ax is positive at the 
eastern side of the perturbation. Thus, the zonal vorticity advection term (-ua~lax) 
is important at the mid level because there is the AEJ at 600mb (Fig. 4.9b). 
The vertical cross-section of the zonal vorticity advection term (Fig. 4.9b) 
indicates that the zonal vorticity advection is small at the low level. In the vertical 
cross-section of the vortex stretching term (Fig. 4.9a), the perturbation gains a positive 
vortex stretching effect from the surface to 800mb, and the vortex stretching term 
becomes negative at the mid level. 
These two figures also reveal that the strength of the positive vortex stretching 
term is larger than that of the mid-level negative vortex stretching term. The maximum 
value is located at the center of the perturbation, but the maximum positive zonal vorticity 
advection is located at the western side of the perturbation. When the two terms were 
compared, the results indicated they have opposite effects for perturbation development at 
the mid level that can partially cancel one another. Finally, the vortex stretching term is 
larger than the zonal vorticity advection term, irregardless of its position at the mid level 
or low level. Therefore, the vortex stretching term is the most important process for the 


















f ~ ~} 
~~~ 
~~~ 


























Fig. 4.9. (a) East-west cross-section of the vortex stretching term (- fv • V) along the 
latitude of the AEW on 8/13/93; (b) is the same as (a) except for the zonal 
vorticity advection (-ua~/ax); (c) is the same as (a) except for the sum of zonal 
vorticity advection and planetary vorticity advection (-ua~/ax-v~; (d) is the 
same as (a) except for the BW on 9/4/99; (e) is the same as (b) except for the 
BW on 9/4/99. Contour interval of the vorticity-budget equation terms is 10-10s-1, 
respectively. The short thick line represents the location of the AEW (BW), 
respectively. 
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Nevertheless, perturbation must develop at this stage. Thus, there should be 
another advection term that causes the sum of the vorticity tendency to be positive. One 
can compare all of the advection terms (-ua~/ax, -vat/ay and -v,(~ and it appears that the 
second important advection term is planetary vorticity advection (-v,(~. Then, the vertical 
cross-section of the sum of the zonal vorticity advection and planetary vorticity advection 
terms ~-ua~iax-v~ reveals the positive vorticity tendency is larger than the negative 
vorticity tendency due to the vortex stretching term at the mid level (Fig. 4.9c). These 
results show the dynamic process of AEW development at the mid level not only includes 
zonal vorticity advection but also planetary vorticity advection due to the northerly flow 
of the mid-level high. 
4.4.2. Burpee wave 
For the case of the BW, the east-west vertical cross-section of the zonal vorticity 
advection term appears to be the most important process at 700mb. The positive vorticity 
tendency effect is approximately 6x10-10s-2 at the western side of the perturbation. This 
term is as small as that of the AEW at the low level because the zonal flow is weak. 
Figure 4.9e shows the vorticity stretching terms are strong near the surface of the 
wave. It has a positive tendency (3 X10-10s"2 ) to enhance the vortex near the surface, and 
the mid-level vortex stretching term is negative at approximately -1X10-10s-2 to decrease 
the vortex at the mid level. 
The magnitude of these two terms were compared and the results indicate these 
two terms are also opposite. They cancel each other partially, wherein the largest term is 
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the zonal vorticity advection at the mid level to redistribute the positive vorticity induced 
from the vertical and horizontal wind shear. The vortex stretching term is the second term 
to induce positive vorticity at the low level. 
4.5. Results 
The analysis of the synoptic evolution and the vorticity budget of these two cases 
enabled the current research to conclude that the vorticity maximum value of the AEW is 
present with a strong vortex stretching effect near surface. Thus, the vortex stretching 
term is proportional to the divergent field. This means that the stronger horizontal 
convergent motion supports vortex stretching at the low level. In addition, the convergent 
motion is generated at the Sahara heat low. The environmental conditions of the desert are 
very dry and warm, which generate a weak static instability (-a9/ap) and a stronger 
meridional gradient of potential temperature (a9/ay). This means the air parcels can easily 
have a vertical displacement (Figs. 4.10a and 4.lOb). The prevailing winds near the 
surface of the desert in the summertime are from an east-northerly wind from the 
Mediterranean Sea and awest-southerly wind from Gulf of the Guinea (Fig. 4.7b). The 
winds have different temperature and moisture attributes and converge in an area of weak 
static instability. In addition, an upward motion is easily induced from these conditions 
and a dry convergent motion (Fig. 4.l Ob). The vortex can be maintained at the low level. 
Therefore, the relationship of the sequential process could be represented as: 
NW low-level wind (dry and warm) 
ES low-level wind (wet and cold) 
Convergent in Sahara heat (— p ~ 0; ~ » 0 ), 
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~ ~ ~v  ~ V~ low-level G Q ~ ~ — w ~ ~ 
Dry convection 
~ ~ ar T ~ ~ ~'0 ' 
I 
— f (~ ~ v) low-level > o ~ 
However, the environmental conditions at the mid level are different from 
conditions at the low level. The large-scale circulation on the northern side of the African 
easterly jet is a northerly flow that pulls cold air into the North African continent (Fig. 
4.7a). The mid-level high over North Africa has an anti-cyclonic flow that results in a 
greater stability of the static instability than the static instability at the low level, and the 
meridional gradient of the potential temperature becomes small at the mid level (Fig. 
4.10a). The stable static instability can depress the vertical motion at the mid level to 
cause divergent motion at the mid level and a negative vortex stretching effect because the 
dry convection is weak with stable static instability. The jet is located at the southern edge 
of the high and it can induce an anti-cyclonic wind shear (negative vorticity) at the mid 
level to limit development of the AEW. Therefore, the possible mechanism for the 
limitation of an AEW can be described as 
ae ae  
The mid-level high induces a colder northerly wind ~ ~-- T, - ~ ~ ~ w ~ with height ap aJ' 
~ ~ l ap ~ ~ 0 ~ ~ l v  ~ V~ mid-level 1 ~ ( ~ — ~v ~ V~ mid-level ~ "'—V at  ~ O ~ ~ 1
U 
In addition, the mid-level high and the African easterly jet--~ anti-cyclonic wind shear 
is located at the mid level (~ < 0 ). (2) 
According to (1) and (2), the perturbation could be limited by the negative contribution 
from the mid-level high on the northern side of the African easterly jet in the growing 
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stage. 
However, the perturbation needs to develop vertically with a gradual positive 
vorticity tendency in this stage. The mid-level high plays another role to pull the 
northerly wind to induce planetary vorticity advection (-v,13) at the mid level. This process 
is the key for development of the AEW on the northern side of the AEJ. 
The BW is located on the southern side of the African easterly jet and the jet 
enables a northerly flow with cyclonic wind shear. The vertical shear is strong between 
the surface and the mid level in the North African continent to induce the baroclinic 
instability. 
The vorticity maximum value is at the mid level and the vortex can be maintained 
by zonal vorticity advection. Secondary circulation is induced by positive zonal vorticity 
advection. The vortex stretching term is positive to maintain the cyclonic vortex structure 
in the low level during the mature stage, and it has a negative vorticity tendency at the mid 
level to cancel positive zonal vorticity advection. Figure 4.lOd indicates that the 
environmental conditions for the BW are wet and cold. Therefore, the static instability for 
this BW is more stable than that of the AEW. Thus, vertical motion is not limited by static 
instability and the maximum vortex can expand from the mid level to low level (Fig. 
4.lOd). The most likely process of BW development is described as: 
a~   a~  
ux mid —level Vt 
(~ ~ V) mid —level ~ 0 
V low—level C
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Fig. 4.10 (a) North-south cross-section of potential temperature (~ and specific 
humidity (q) along the longitude of the AEW on 8/13/93; (b) east-west 
cross-section of vertical motion (-w) along the latitude of the AEW on 8/13/93; 
(c) is the same as (a) except for the BW on 9/4/99; (d) is the same as (b) except 
for the BW on 9/4/99. Contour interval of 8 is SK and of —~ is 2X10-4mbs~1. q 
larger than 5(10) is lightly(heavily) stippled. The short thick line represents the 
location of the AEW (BW), respectively. 
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Therefore, the height of the AEW and BW is different, and the maximum 
amplitude of these two waves is also different. Large scale circulation in the mid level 
over North Africa plays the important role. It not only pulls the cool air from the north to 
stabilize static instability in the mid level, but also anti-cyclonic circulation could limit the 
development of cyclonic perturbation below the mid level. 
However, sometimes these processes may not directly show the importance of the 
summer mean mid-level high. On the other hand, Chen and Yoon (2.002) used 
streamfunction budget analysis to show that the monsoon depression could be suppressed 
by the Tibetan high at 3OOmb. Their results were ~rx, > ~rxi , meaning the negative 
large-scale vortex stretching effect, (fix, ~ O.2 (—, f C7 • V) ), at the upper level limits the 
vortex stretching effect of the monsoon depression (fir sl ~ O _z (— f ~7 • T~ S ) ). Therefore, the 
current research applied their method to examine the African easterly wave and the 
mid-level high over North Africa. The ~r~l for the long term mean component was 
computed and plotted in Fig. 4.11 a and the real time perturbation in Fig. 4.11 b. Waves 
5-21 were selected to represent the perturbation. The vertical cross section of ~ xi in 20°N 
is the maximum value at the mid level over the north Africa continent, between 20°W and 
40°W. The negative maximum value of t~r x, is located at 90°E at the low level, then 
extends to the North African continent at the low level. Hence, yrx, and yrx, were 
compared in magnitude at the mid and low levels. The maximum value of y~x, at the mid 
level was approximately 240 m2/s. The value of ~r 1 at the mid level in the location of the x 
perturbation was 200 m2/s at the mid level and +40m2/s at the low level. In addition, ~ Sl x 
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was 40 m2/s at the mid level and -70 m2/s at the low level. This means that the stationary 
mid-level high suppresses the real-time varying perturbation to limit the height of the 
perturbation, and the perturbation can develop due to the strong convergent motion near 
the surface after it is generated from the convergent zone over the Sahara Desert. 
The survey of the height of the AEWs at the initial, growing, and mature stages 
from 1991 to 2000 are depicted in Fig. 4.12. 
1. The height of the AEW at the initial stage is approximately 850mb. 
2. The height at the growing stage can extend to 700mb; and, in some cases, it 
could develop to 5 OOmb. 
3. The height of the AEW at the mature stage can extend to SOOmb after it 
catches the African easterly j et. 
Next, the vertical structures of the AEW and BW were analyzed and compared 
with the previous study of Reed et al. (1977). The results from the previous composites 
could not be matched with the vertical structure of the real case with reanalysis data due to 
the lack of data and the issue of poor data quality from previous observations. 
Hence, the current results present the different heights of AEWs at different 
stages. The height of AEWs is not limited until they propagate away from the mid-level 
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Fig. 4.12 Survey of the height of the AEWs from 1991 to 2000. (a) Distribution in the 
initial stage; (b) distribution in the growing stage; and (c) distribution in the 
mature stage. The x coordinate is the year and the y coordinate is the height in 
the pressure coordinate. 
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CHAPTER 5. INTERACTION BETWEEN THE AFRICAN 
EASTERLY WAVES AND THE AFRICAN EASTERLY JET 
5.1. Characteristics of the Interaction 
As indicated in the literature review, previous studies of African waves have 
noted a gain of energy from the African easterly jet that develops over the North African 
continent. Numerical simulations have generally been used to study the development of 
African waves with the African easterly jet. However, numerical studies have adapted 
several tools to isolate African waves from mid-latitude systems and used observations of 
the vertical wind profile for the ambient flow. Although the results have shown that 
African waves could be simulated properly, the basic flow of the AEJ in these models has 
not changed. This assumption does not follow reality; therefore, some studies provided a 
sensitivity test to show that a change in the AEJ can affect the growth of African waves. 
On the other hand, Thorncroft and Blackburn (1998) noted the role of the African 
waves in reducing the barotropic and baroclinic instability induced by the African easterly 
jet. Thus, numerical results imply the existence of an interaction between African waves 
and the African easterly jet. 
From observations, Pytharoulis and Thorncroft (1999) analyzed sounding and 
operational data over the west African coast, and noted that the major perturbation 
velocity square is near the west African coast at 600 and 925mb, but the results are 
different at these two levels. At 600mb, two maximum centers can be found over the 
ocean and continent, whereas only one maximum value crossing the climate mean jet can 
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be found at 925mb near the west coast. Shallow African waves propagate southwestward 
and cross the jet into the Atlantic Ocean and perturb the mid-level flow over North Africa. 
On the other hand, as discussed in Chapter 4, the heights of the AEWs are limited 
at the mid level, in the growing stage, whereas waves can develop above 600mb in the 
mature stage. This is because the perturbation can be controlled by the mid-level high in 
the southern part of the jet. In contrast, BWs develop due to barotropic and baroclinic 
instability. South of the African easterly jet, there is stronger cyclonic wind shear for 
BWs and the waves are not under the mid-level high. Therefore, BWs can easily develop 
at 600mb in the initial or mature stages. In addition, BW can change from different 
stages. This implies the African easterly jet might change with the BW. 
Previous studies have not discussed the possible different interactions of the 
AEWs and the BWs with the African easterly jet. What is the relationship of the African 
waves (AEWs and BWs) and the African easterly jet? If AEWs develop vertically over 
600mb to weaken the mid-level jet through an energy conversion, do BWs develop 
similarly? If the answer is yes, then the African easterly jet becomes weak. Then, one 
might ask: How can BWs become stronger with a weaker jet at the mature stage? Thus, 
BWs may not slow down the African easterly jet. 
To observe real time variation of the African easterly jet, the 0°~ 10°W region was 
selected in the current study for the kinetic energy index sampling area because the 
African wave's maximum amplitude occurs near the west coast with large fluctuation on 
either side of the coast (Carlson,1969b; Albigant and Reed,1980; Pytharoulis and 
Thorncroft, 1999). Selected next was the strongest kinetic energy area mean over this 
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region (•.• u » v for the AEJ, .•. k = ~ (u Z + v Z ) ~ ~ u 2 ) to eliminate seasonal variation. 
Here, the focus is on the fluctuation of the jet with synoptic disturbances. The time 
variation of the kinetic energy index for 1993 and 1999 was plotted in Fig. 5.1. The jet 
varied numerous times during these two summers. The period of fluctuation was about 10 
days, with a range of —80m2s~2 to 80m2s"2. The fluctuation implies that the jet is not 
constant during the summer season. The kinetic energy index during these two years was 
also different. This means the fluctuation of the jet may have the inter-annual variation. 
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Fig. 5.1 Zonal average of the maximum kinetic energy index between 10°W and 0° at 
600mb on 1993 and 1999, respectively. Units of kinetic energy index are m2s"2. 
A, B, and H represent the AEW, BW, and ridge ahead of the AEW, respectively. 
Because the jet is related to the gradient of the high, 1993 was selected to plot the 
x-t diagram of the zonal wind at 15°N and the geopotential high file at 20°N. Figures 5.2a 
and 5.2.b indicate that the variation of the zonal wind is congruent with that of the high 
field at 600mb. When the geopotential high is stronger, the zonal wind also becomes 
stronger and extends more westward with time. The letters A and B were used to represent 
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the AEW and BW, respectively. The AEWs and BWs propagate with variation of the 
geopotential field. For example, in early June, the waves propagate over the longest 
distance of approximately 40°W but they do not propagate beyond 60°W in late July. 
Estoque, Shukla and Jing (1982) and Chen (2003) separated the variables into a 
short wave regime for the perturbation. The current research applied a similar method to 
separate the zonal wind at 600mb and geopotential field into 6-31 wave components to 
represent the African wave. Figures 5.2c and 5.2.d show that the zonal wind and height 
field matches well in the short-wave component and the short wave has a westward 
propagation feature as reported by Estoque et al. (1982) and Chen (2003). In the current 
study, the short-wave component of the zonal wind was compared with the kinetic energy 
index and the results revealed the weaker (stronger) kinetic energy was congruent with 
the negative (positive) short-wave component of the geopotential. This implies that 
variations in the African easterly jet are concerned with short-wave perturbations with 
the exception of intraseasonal variations. 
Therefore, all AEWs and BWs were analyzed using the kinetic energy index from 
1991 to 2000. The 1993 and 1999 results are indicated in Fig. 5.1. It appears that the 
wind speed increases when BWs arrive in the sample area and decrease when AEWs 
arrive in the sample area. The letter H represents the ridge ahead of the AEWs. In the 
current study, there was usually a ridge with the larger wind speed at the western side of 
the perturbation and both ridges, and the trough of the AEWs acted similarly to a dipole 
system. The reason is discussed in the following section. Therefore, the relationship 
between the African waves and the African easterly jet was hypothesized from the results 
of this examination: The African easterly jet becomes weak (strong) with AEWs (BWs). 
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This indicates that AEWs and BWs contribute differently to the development of the 
African easterly jet. However, this observation was not enough to convince the present 
researcher. What factors contribute to different results in the jet? From previous research, 
it is known that AEWs propagate on the northern side of the mid-level jet at the initial and 
growing stages, whereas BWs propagate on the southern side of the jet at the initial and 
mature stages. Which stage of the AEWs affects the African easterly jet? The short-wave 
component of the high field at 600mb varies with the jet. This implies the flow pattern of 
the perturbation may respond to variations in the jet. Therefore, what is the pattern of the 
interaction? 
As discussed in Chapter 4, the major dynamic process for AEWs and BWs over 
North Africa are vortex stretching at the low level and the zonal vorticity advection term 
at the mid level. These two terms can explain the reason for maximum amplitude of these 
waves as well as the maintenance process. The interactions of the two types of African 
waves and the jet are different. Thus, there was a need to explore the different dynamic 
processes that cause the different interactions. 
5.2. Synoptic features 
The two cases of AEWs and BWs discussed in Chapter 4 were used to explore the 
synoptic features of the interaction between the waves and the jet. As shown previously, 
AEWs (BWs) are accompanied by a weak (strong) wind speed with the African easterly 
jet at the mid level. The two cases were analyzed to determine the relationship between 
the waves and the African easterly jet. Figure 5.1 shows the relative time series for these 
two cases from the kinetic energy index. 
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5.2.1. African easterly wave 
In the life cycle of AEWs, the African easterly jet has one maximum and one 
minimum wind speed in the growing stage. The maximum value occurred on 8/7/1993 
and the minimum value was on 8/ 13/ 1993. In the time series of the kinetic energy index, 
the maximum value is denoted with an H and the minimum value with an A. 
In order to understand the relative position of the AEW and the African easterly 
jet, Fig. 5.3 a depicts the perturbation developed on the northern side of the African 
easterly jet under the mid-level high after it was generated in the convergent zone. The 
low-level vortex structure is still weak at 925mb (Fig. 5.3b). The maximum jet stream 
area passes the sampling area (~ 10°W), matching the kinetic energy index in Figure 5.1, 
along the coast near the Gulf of Guinea. If one observes the circulation at 600mb, the jet 
stream is clearly shown with the anti-cyclonic flow on the northern side of the easterly 
jet. The relative position of the ridge is at the western side of the perturbation. It is 
reasonable because the jet is formed with the horizontal gradient of the high. If the high 
becomes stronger, the jet would also be stronger. 
One can analyze the total components of the streamline chart from 925 to 600mb 
to determine the minimum values of the easterly jet. Some features of the circulation on 
8/ 13/93 depicted in Figures 4.1 a and 4.1 b are indicated as follows. 
1. As shown in the synoptic analysis in Chapter 4, the perturbation can develop a 
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2. The perturbation structure becomes a trough at 600mb, and the relative position of 
the perturbation and the trough of the vortex is at the western side of the trough. 
This indicates that the perturbation tilts easterly with height. 
3 . For the wind-speed distribution of the jet, there are two maximum values at 
either side of the trough: one is near the West African coast and the other is near 
Sudan. 
4. The corresponding circulations of the two maximum values are the two ridges 
that originate from the anti-cyclonic flow on the northern side of the jet. 
5. The wind speed of the jet stream at the trough is weaker than the two maximum 
values. The weakest flow is in the southern portion of the trough. 
6. To compare the circulation at 600mb on 8/7/93, the mid-level high is separated 
into two parts with two strong wind speed areas. 
7. According to 5 and 6, the wind speed of the jet is slower than the wind speed on 
8/7/93 in the sampling area. 
Thus, the relationship between the AEW and the African easterly j et was examined 
at the growing stage in this case. These features indicate that the key points of the 
interaction are not only that the waves can weaken the jet, but also the trough of the 
perturbation can modify the flow of the jet. 
The case occurring on 8/ 1 S/93 was used to describe the mature stage. Figure 4.1 a 
indicates that the AEW was on the southern side of the mid-level easterly jet. The features 
of the mature stage are described as follows 
1. The wind speed at the north and western side of the perturbation is strong at 
600mb. 
~s 
2. The jet stream near the trough has a different wind speed at the southern and 
northern parts of the trough. 
3. During the growing stage, the jet remains separated into two parts, with the two 
ridges on the northern side of the jet. The pattern of the jet is similar to the 
transient velocity square distribution made by Pytharoulis and Thorncroft (1999). 
4. These features indicate that the trough still has the ability to modify the jet, even 
at the mature stage, when the perturbation is strong enough to develop the trough 
at the mid level. 
5. The strongest jet stream is located between the western ridge and the trough at 
600mb near the West African coast. 
One might be confused because not only does this wave decrease the jet in the 
growing stage, but it also can increase the African easterly jet at the mature stage. At the 
growing stage the AEWs propagates north of the jet, whereas it propagates in the 
southern part of the jet at the mature stage. Thus, the different stages were of concern in 
the current study. In order to distinguish relationships and differences among the stages, 
the Fourier method was applied to separate the short-wave component of the wind field 
to isolate the circulation of the perturbation. 
5.2.2. Burpee wave 
According to current records of the B W case over North Africa, there was a 
maximum value and minimum value on 9/4/99 and 9/6/99. The maximum and minimum 
values were accompanied by an AEW and a BW. A similar case to the AEW was 
examined in the previous section, but the focus was primarily on BWs. As shown in the 
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relationship of the B W and the African easterly jet in the previous section, the 
perturbation can speed the African easterly jet. These results differ from findings of 
previous studies which noted that the African easterly jet is weakened by the African 
waves to reduce barotropic and baroclinic instability. Nevertheless, BWs do not decrease 
the jet, even if propagated on the southern side of the jet. 
The synoptic chart in this case was analyzed to explore this interaction. It appears 
that some features are different from the results of the AEW on 9/4/99 (Fig. 4.4a). 
1. The low-level perturbation is located under the 600mb trough on the southern side 
of the easterly jet. The eastward tilting structure is no unclear, which agrees with 
findings by Reed et al. (1977). 
2. The African easterly jet reaches its maximum speed on the northern side of the 
trough. 
3. The mid-level high is strong and envelops the North African continent on the 
northern side of the jet.- There is the other minor perturbation existing at 
approximately (5°W, 20°N) under the mid-level high over North Africa. 
4. The maximum wind speed is between the mid-level high and the trough of the 
B W. 
The jet stream distribution with circulation at 600mb is also linked to the position 
of the perturbation. There is not only a strong mid-level high, but the north flow of the 
trough can also accelerate the jet. It is similar to an easterly jet with an anti-cyclonic flow 
at the north and a cyclonic flow on the south. 
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5.3. Fourier analysis 
As discussed previously, when strong AEWs develop with amid-level trough on 
the northern side of the African easterly jet, the jet stream has more north-south 
components near the trough (Fig. 4.1 a, 8/13/93). The wind speed of the trough also 
decreases with latitude and the jet stream is separated into two parts, at the western and 
eastern sides of the trough. These results imply that the cyclonic flow of the trough can 
modify the distribution of the zonal flow in the mid level. 
In the case of BWs, the perturbation develops with a strong African easterly jet, 
and the trough of the perturbation is located on the southern side of the jet stream (Fig. 
4.4a, 9/4/99). The environment favoring development of the BW is a strong horizontal 
cyclonic wind shear. The amplitude of the trough also decreases with latitude, revealing 
that the cyclonic trough accelerates the wind speed of the African easterly j et. 
Therefore, it is important to know how to isolate the trough from the total 
components of the circulation to explore the effects of AEWs and BWs. Previous studies 
indicated the distance of the perturbation are approximately in a range from 
2000~2500km (Burpee, 1974; Carlson 1969a,b; Reed et al., 1977), equivalent to waves 
12-13 . Thus, the Fourier separation method was employed in the current study to 
decompose the wind field. Waves 6-31 were selected for the short-wave component to 
represent the African wave, and waves 0-5 for the long-wave component to represent 
large-scale circulation. 
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Figures 5.4a-b and S . S a-b presents the long-wave and short-wave components of 
the 8/13/93 streamline chart 925 to 600mb in the growing stage. This figure depicts 
several features of the long-wave regime 
1. The convergent zone corresponds to monsoon trough (low) at 925mb, and there is 
an anti-cyclonic flow over the North African continent at 700 and 600mb. Thus, 
the cyclonic low and anti-cyclonic high can represent the large-scale circulation 
of the low-level monsoon trough and the mid-level high. It reveals the barotropic 
structure of the monsoon system over North Africa (Chen, 2003 ). 
2. The perturbation is located at the convergent zone of the large-scale low, which 
reveals the long-wave components of circulation contribute positively to this 
perturbation. 
3. In the mid level, the effect of the mid-level high is evident because the 
perturbation is under the long-wave high in the mid level. 
4. The long-wave component of the jet stream is along the south edge of the 
long-wave anti-cyclone at 600mb. It appears that the long-wave component forms 
the basic easterly flow in the south part of the high. 
On the other hand, the jet stream also has a horizontal fluctuation. The 
short-wave component was used to explore the effect of the perturbation. Figures 5.4e-f 
and S . S . e-f depict the short-wave component of the streamline and the jet stream at 
925mb and 600mb. Several characteristics can be described as follows: 
1. The short-wave component of the wind field can catch the vortex of the 
perturbation at 925mb. 
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Fig. 5.4 (a)-(d) Streamline chart at 925mb of the long-wave component (0-4) wind field 
with the sea-level pressure (ps) shaded for 8/7/93, 8/13/93, 8/15/93, and 9/4/99; 
(e) -(h) streamline chart at 925mb of the short-wave component (5-31) wind 
field with vorticity (~s) in the short-wave component shaded for 8/7/93, 
8/13/93, 8/15/93 and 9/4/99. ps larger than 1010 (1020) mb is lightly (heavily) 
stippled, respectively. AEW (A) and BW (B) are marked on the charts. 
80 
fib) 8/13/93 






t~} s/ ~ 5/~3 
il° 2v°E 4C}°E 20°thi 
m-s'' 
--1 2 
20°E 4; °E 




Fig. 5.5 (a)-(d) Streamline chart at 600mb of the long-wave component (0-4) windfield 
with the zonal wind (u) shaded for 8/7/93, 8/13/93, 8115/93 and 9/4/99; (e)-(h) 
streamline chart at 600mb for the short-wave component (5-31) wind field with 
the zonal wind (u) shaded for 8/7/93, 13/93, 8/15/93, and 9/4/99. u larger than 
6 (12) ms"i is lightly (heavily) stippled, respectively. AEW (A), BW (B) and 
ridge (H) are marked on the charts. 
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2. The anti-cyclonic flow ahead the perturbation at 600mb is also isolated at the 
West African coast in this short-wave regime (Fig. S.Se-~. 
3. The 600mb cyclonic vortex at the western side of the perturbation represents the 
trough in the total component. 
4. The anti-cyclonic and cyclonic vortexes are located along the jet stream in the 
mid level. 
5. When comparing the jet stream and the short-wave vortex, it appears that the 
cyclonic (anti-cyclonic) vortex on the northern side of the easterly jet has a 
westerly (easterly) wind component that matches the weak (strong) jet stream 
horizontally. 
The perturbation will eventually catch the jet, thus the same procedure was used to 
decompose the circulation in the mature stage and compare the results with the growing 
stage. In the long-wave regime, the features of the low-level and upper-level circulation 
are similar as the results in the growing stage (Fig. 5.4c and Fig. S.Sc), but the strength of 
the circulation is different. In the short-wave regime (Fig. 5.4g and Fig. S.Sg), the 
maximum jet core is in the north and eastern side of the vortex, with an easterly wind 
component at 600mb because the perturbation moves into the southern side of the jet near 
the west African coast during this stage. The maximum jet stream is located in the west 
and southern side of the anti-cyclonic vortex, whereas the slower zonal wind speed is 
located the southern side of the cyclonic vortex with the westerly component. 
The case of the BWs can also be separated into long-wave and short-wave 
components. The long-wave components of the circulation are similar to the results of the 
previous case (Figs. 5.4c and S.Sc). The relationship of the perturbation and the long-wave 
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circulation clearly presents barotropic instability, because the perturbation is actually on 
the southern side of the mid-level high and also located on the southern side of the 
convergent zone. 
The short-wave components of the wind field are depicted in Figures 5.4h and 
S.Sh. Several features in this figure are described as follows 
1. The Fourier separation method can isolate the perturbation from the total 
components of the circulation. 
2. The easterly flow on the northern side of the cyclonic vortex for the perturbation 
matches the easterly jet at 600mb. This means that the African easterly jet is 
increased by the cyclonic vortex on the southern side of the jet. 
Conceptual model of the interaction 
The results of the two AEW and BW cases described previously were compared 
to build a conceptual model. The conceptual model explains the relationship between the 
perturbation and the African easterly j et: 
1. AEW and African easterly jet 
Model A 
UH.S U ̀~ 
U 
SJ 
2. B W and African easterly jet 
Model B 
The ridge and trough in the mid level over North Africa are denoted by the letters H and 
L, respectively. The letter L represents perturbation of the AEWs and BWs at the trough. 
For the relationship of the African waves and African easterly jet, models A and B 
represent the AEW and BW, respectively. The circles with a clockwise arrow and a 
counter-clockwise arrow represent the short-wave component of the ridge (H) and trough 
(L). 
In the aforementioned results, the AEW decreases the jet stream when the 
perturbation is on the northern side of the jet. Thus, the maj or j et stream is indicated by a 
thick j et on the southern side of the perturbation in model A. 
One can compare the flow motion to the wave and the main easterly jet in the 
conceptual model. The model explains the following key characteristics of the 
relationship 
1. The AEW in the mid level can force a jet stream change. The flow has a greater 
north-south exchange motion at both sides of the trough (Fig. 4.1a, 8/13/93). 
2. The short-wave components of the ridge (H) and the trough (L) are the 
anti-cyclonic and cyclonic motions. The easterly wind component exists on the 
southern side of the ridge (H) and is on the northern side of the ridge (L). The 
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westerly wind is on the southern side of the trough (L) and is also on the northern 
side of the ridge (H) as shown in Figure S.Sf. 
3. By comparing the direction of the short-wave systems (H and L) with the easterly 
jet stream, one notes that the jet can be decelerated by the opposite wind direction 
of the trough (L) and accelerated by the same wind direction of the ridge (H). 
These features of the flow pattern explain why the AEW and the ridge ahead of it 
are linked to decreasing and increasing the speed of the jet stream, and the jet stream can 
be separated into two parts by the AEW near the western African coast in the growing 
stage. In addition, the model presents the effects of the dipole structure. Alarge-scale 
high is observed in the mid level, but the trough of the AEW is not seen because AEWs 
develop from the surface and extend gradually to the mid level. The following formula 
describes this process. 
•.• U = UL + US , UL > 0 UL :The long-wave component of the zonal wind 
US :The short-wave component of the zonal wind, 
In addition, 
U H =U H +U H
US > 0; Us < 0 and 
U L =UL+Us 
.•. U H T , U ~ ~ (U H :The zonal wind of the anti-cyclonic vortex 
U L :The zonal wind of the cyclonic vortex), 
As described in previous studies, BWs propagate on the southern side of the 
African easterly jet. Thus, the relative position of the perturbation and the African 
easterly jet is indicated by a thick vector located on the northern side of the perturbation. 
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A comparison of the direction of the short wave and the jet indicates the following 
1. The trough (L) and ridge (H) are on the southern side of the easterly jet, and the 
cyclonic and anti-cyclonic rotation motions provide the easterly and westerly wind 
components in the north. 
2. The wind direction of the jet and the trough (L) is the same direction to accelerate 
the wind speed of the jet; the wind direction of the jet and ridge (H) is the opposite 
direction to decelerate the jet. These results are also shown in the real synoptic and 
the short-wave component chart (Fig. 4.4a, 9/4/99 and Fig. S.Sh). 
3. The wind direction of the cyclonic vortex in the south is westerly. Therefore, the 
wind speed would be slower in the southern part of the perturbation (Fig. 4.Sh). 
Therefore, the relationship between the B W and the African easterly jet is 
presented in the following formula. 
•: UL > 0; UL > 0 .'. U L = UL + US > 0 ~ ~ U L T (U L :The zonal wind of 
the BW). 
In addition, AEWs in the mature stage can cross and catch the African easterly j et. 
The flow pattern is similar to that of BWs. The jet stream becomes stronger on the 
northern side of the perturbation. The Fourier decomposition results are also satisfied 
with model B. 
Therefore, one can determine whether the perturbation can or cannot speed up the 
jet based on the relative position of the perturbation and the African easterly jet. The 
AEWs and BWs over North Africa have favorable propagation areas on either side of the 
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African easterly jet. The results of the interaction between the AEWs (BWs) and the 
African easterly jet can be classified and the interaction could be altered until the AEWs 
catch the AEJ near the West African coast. Thus, the results of studies by Pytharoulis and 
Thorncroft (1999) indicate that shallow AEWs in the low level move west southward and 
have a large covariance of the wind transient component near the west coast. 
5.4. Vorticity budget equation analysis 
In Chapter 4, the vorticity budget equation analysis was used to explore the 
dynamic processes in the development of AEWs and BWs. The results indicate a strong 
positive vortex stretching term near the surface is important for AEW development. On 
the other hand, zonal vorticity advection is strong and positive on the western side of the 
BW in the mid level, because it can redistribute the maximum vorticity and induce the 
low-level vortex to expand the perturbation from the mid level to the surface. Thus, these 
two terms also explain the reason for maximum amplitude of the AEW and BW in the 
low and mid levels, respectively. 
In order to use the vorticity budget equation to explore the interaction, one may 
examine the perturbation (trough) of the time evolution of the vorticity budget terms at 
different stages for AEWs and BWs. The vorticity budget equation was simplified in 
Chapter 3 as 
a~ ~-f~v.v~-u a~ -v~ 
Therefore, the current study focused on observing the vortex stretching term, the zonal 
vorticity advection term and the planetary vorticity advection term. 
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5.4.1. African easterly wave 
In Chapter 4, the vertical structure of the vorticity for the AEW case was 
examined in the initial stage. The maximum amplitude of the perturbation is located in 
the low level. Figure 5.6a-5.6c indicate that the vortex stretching term is more important 
than the other two terms. It can provide a positive vorticity tendency for AEW 
development. The vertical cross-section also indicates that the vortex stretching term is 
more important than the two advection terms (Figs.5.7a, b and c). 
Next, the AEW develops gradually in the growing stage and one can observe the vertical 
structure of the perturbation at this stage. The maximum amplitude is at 850mb and the 
height of the perturbation can extend to 700mb. Previous results indicate the jet can be 
affected by the wave. Therefore, the 700mb vorticity budget terms were plotted in Fig. 
5.6d —Fig. 5.6f to present the dynamic process. The results indicate the vortex stretching 
term is negative, and the magnitude is larger than that of the zonal vorticity advection 
term and the planetary vorticity advection. However, the two advection terms present the 
positive vorticity tendency for the perturbation development in the mid level 
The vertical-cross-section of these terms was examined next. Figure 5.7d 
indicates the low-level structure of the perturbation should be maintained by the vortex 
stretching term, and the vortex stretching term is negative to limit the AEW (especially 
the maximum value, which is at 700mb). Figure 5.7e reveals that the zonal vorticity 
advection is positive in the mid level, but this term with a weak zonal flow is smaller 
than the negative vortex stretching term. Thus, the sum of the zonal vorticity advection 
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vorticity tendency is positive and the magnitude is larger than the vortex stretching term 
to develop the perturbation. This relationship is shown in Chapter 4. The dynamic 
relationship is represented by 
.. 
at ~—f~v~v~—u ~  —v,~; 
a~>0 
ac and ST 
— f~v v~ —u ~ —v/3 
Perturbation can develop continually and the flow of the perturbation will decelerate the 
African easterly jet with cyclonic wind on the southern side of the perturbation in the 
growing stage. 
On the other hand, the ridge is on the western side of the perturbation with a 
strong easterly jet stream. Then, the negative zonal vorticity advection is larger than the 
positive vortex stretching term. Thus, the dynamic process can be expressed as 
.. aa ~ f(~V) u aa v~3, 
(Jt ridge Ux 




f~v v~ u a~ <0 ridge 
Therefore, the negative vorticity tendency can increase the strength of the ridge to 
accelerate the jet stream. 
After the AEW catches the jet stream in the mature stage, the perturbation can 
develop above 600mb. The vortex stretching term is smaller than the zonal vorticity 
advection term (Figs. 5.6j and 5.6f). The ambient northerly flow in the mid level 
becomes weak to cause planetary vorticity advection which is weak. Thus, this is not 
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important for the development of the perturbation. Therefore, the dynamic relationship 
could be simplified by 
(-) (+) 
— v/.3 « — u a~ ; a~ ~ —u a~ > 0 and ax ar at 
— f~v v~ 
sT 
One can also analyze the results with a vertical cross-section of these terms (Figs. 
5.7g — 5.7i). These figures depict that zonal vorticity advection is the most important 
process in developing the perturbation at the mid level in this stage, and the vortex 
stretching term is still an important process to maintain the low-level perturbation. 
5.4.2. Burpee wave 
Because the BW develops and propagates with the African easterly jet mainly in the mid 
level, the vorticity budget analysis focus was at 600mb. In the initial stage (Figs. 
5.8a —Fig. 5.8c), the zonal vorticity advection appears to be larger than the other terms. 
One the other hand, the planetary vorticity advection is weak. Therefore, the dynamic 
relationship in this stage can be represented as: 
.. a~ ~ _ ~ , V _ u 
a~ . 
/~~ 
f( / ~ at ~ 
(-) (+) 
a~ 
> 0 and T , at ~I 
- ~~v • v~ < _ u a~ 
Then, the perturbation develops with a positive vorticitiy tendency in the mid level. The 
vertical cross-section of the vortex stretching term and the zonal vorticity advection term 
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also indicate that zonal vorticity advection is the major process for BW development 
(Figs. 5.9a and 5.9b). 
Next, the BW develops in the mature stage according to a dynamic process as 
shown in Chapter 4. The zonal vorticity advection becomes stronger with a strong jet 
stream in the mature stage (Fig. 5.8e). Then, the vortex stretching term in the mid level 
also becomes larger (Fig. 5.8d). However, the planetary vorticity advection is not 
important with a weak meridional wind (Fig. 5.9~. The vertical cross-section of the 
vortex stretching term and the zonal vorticity advection term shows the zonal vorticity 
advection is large with a strong jet and the vortex stretching term is important for the 
low-level structure of the perturbation. 
On the other hand, it is possible to present the interaction between the African 
waves and the African easterly jet from the vorticity budget equation analysis. The 
magnitude of the zonal vorticity advection is proportional to the zonal flow. Therefore, an 
AEW in the growing stage has a weak zonal vorticity advection in the mid level. It 
appears that the AEW corresponds to a weak jet and the ridge that is ahead of the AEW, 
which has strong zonal vorticity advection with a strong jet stream. When the AEW 
catches the African easterly jet, the zonal vorticity advection of the perturbation becomes 
strong on the southern side of the jet. The BW developing with the strong African easterly 
jet has a strong zonal vorticity advection term in the mid level. 
5.5. Results 
The interaction between the African waves and the African easterly jet was 
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are listed as follows 
1. The African easterly jet can be decelerated by the AEW in the growing stage; it 
can also be accelerated by BWs and AEWs in the mature stage. 
2. The ridge of the dipole system with the AEW can accelerate the African easterly 
jet; the distribution of the jet stream is a local maximum value near the ridge and a 
local minimum value near the trough. 
3. The interaction can be presented in an isolated system through Fourier separation. 
The variation of the jet depends on the relative position between the perturbation 
and the jet. If the perturbation is on the northern side of the jet, the westerly wind 
component of the perturbation would cancel the mainly easterly flow to decelerate 
the jet. Otherwise, the jet will be accelerated with the westerly wind components 
of the perturbation that are on the southern side of the jet. 
4. Vorticity budget analysis can also be used to present the interaction. The dynamic 
process of the AEW in the mid level is different in the growing and mature stages. 
In the growing stage, the perturbation develops vertically with positive zonal 
vorticity advection and a planetary vorticity advection to influence the jet. On the 
other hand, the AEW catching the AEJ can develop vertically with a strong zonal 
vorticity advection to accelerate the jet. 
Thus, the African easterly jet not only affects the height of AEWs and BWs but 
the AEWs and BWs also affect the African easterly jet. 
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CHAPTER 6. DISCUSSION AND CONCLUSIONS 
6.1. The Characteristics of African Easterly Waves and Burpee Waves 
The primary objective of this study was to explore the mechanism of the limitation 
height of AEWs over North Africa and the maintenance process of the vertical structure of 
the AEWs and BWs. Because AEWs and BWs propagate at the Sahara Desert and the 
climate maximum rainfall area over North Africa, respectively. There are the several 
different features of AEWs and BWs. These features are found in conjunction with the 
maintenance and the height of the waves. Thus, this section summarizes the features of 
AEWs and BWs. 
6.1.1. African easterly waves 
African waves are generated and propagated on the northern side of the African 
easterly jet in the Sahara heat low, before catching the African easterly jet. This 
environment gives the AEW some characteristic features as follows 
1. Since AEWs are generated on the northern side of the African easterly jet, there is 
a horizontal anti-cyclonic wind shear (~ <0) above the perturbation. 
2. The vertical wind shear for the AEWs is weak; thus, the condition of baroclinic 
instability is not satisfied with AEWs. 
3. The mid-level high can push cold air from the high latitudes to stabilize the static 
instability in the mid level. 
4. There is a weak static instability and a strong meridional gradient of the potential 
temperature—two conditions for generation of AEWs in the Sahara Desert. 
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These features give AEWs a strong convergent motion within the unstable 
thermal conditions at the low-level troposphere. The horizontal convergent motion can 
induce a positive vortex stretching effect to maintain the vorticity of the perturbation 
near the surface, thus giving rise to a maximum amplitude of AEWs at the low level. 
On the other hand, amid-level high could enable the static instability to become 
stable and give rise to negative vorticity in the mid level of the troposphere. AEWs are 
under the mid-level high. The vertical motion of the AEW induced by dry convection is 
limited under the mid level. The horizontal divergent motion is in the mid level with 
limited vertical motion, and the vortex stretching term becomes a negative vorticity 
tendency to decrease the vorticity of the perturbation with height. The positive zonal 
vorticity advection is smaller than the negative vortex stretching term (i.e., the sum of 
these two major terms is negative). However, the AEW can develop vertically to receive 
a positive contribution from the northerly planetary vorticity advection due to the 
mid-level high at the growing stage. Thus, limitations could clearly be presented by the 
vertical distribution of the vertical motion and vorticity for AEWs. 
The role of the mid-level high was explored using streamfunction budget analysis. 
The results indicated that the vortex stretching term is limited by the large-scale negative 
vortex compressing effect with a stationary mid-level high over North Africa. Therefore, 
AEWs can be limited under the mid level before catching the AEJ. The reason is that the 
monsoon structure over North Africa is a monsoon ridge (low) at the mid (low) level. 
Therefore, AEWs that develop over the area are modulated by the monsoon system. 
6.1.2. Burpee Waves 
Since BWs are located on the southern side of the African easterly jet, the jet 
enhances some of the BWs' features. 
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1. BWs are located on the southern side the African easterly jet, and there is a strong 
cyclonic wind shear (~ >0) at the mid level to induce the perturbation. This 
barotropic instability satisfies the development of the BW. 
2. The vertical wind shear is stronger between the mid level and the low level. Thus, 
baroclinic instability is a necessary condition for BW development. 
3. Because the BW is located at the south edge of the mid-level high, the high cannot 
limit BW development. 
4. The temperature and moisture conditions over the area are cold and wet enabling 
B W development. 
5. The BWs is located on the south edge of the monsoon trough. 
BWs develop mainly due to the African easterly jet with barotropic and baroclinic 
instability as mentioned in previous studies (Burpee, 1974; Reed et al. 1977). Thermal 
conditions do not assist the vertical motion of BWs. According to vorticity budget 
analysis, the major vorticity dynamic process for BWs is zonal vorticity advection at the 
mid level. Positive zonal vorticity advection is the largest term at the mid level because 
the zonal flow is strong. The BW is located at the western side of the perturbation and 
could maintain the positive vorticity for the perturbation's development and propagation. 
On the other hand, positive zonal vorticity advection could induce secondary 
circulation to form a horizontal convergent and divergent motions at the low and mid 
levels. Therefore, the low-level convergent motion makes the vortex stretching term 
become positive to maintain positive vorticity for the perturbation and induce an upward 
motion with precipitation. 
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6.2. The mechanism for the development of African waves 
Due to the lack of data, previously AEWs were too difficult to be detected over the 
Sahara when using old data. For example, using GATE data, Miyakoda et al. (1982) found 
only a large transient vorticity at 700mb on the southern side of the African easterly jet. 
However, some studies have noted that AEWs have different features from the majority of 
the previous studies (Reed et al. 1988b; Lau and Lau,1990;Fyfe, 1999). 
For the vertical structure of the African waves, the current study also compared 
two typical cases with the results of Reed et al. (1977). The results indicated that the 
quality of the previous data was not adequate to indicate the origin and the entire structure 
of the perturbation. Thus, the meridional wind deviation, vorticity field, and divergent 
field of the perturbation were roughly described in previous results and did not adequately 
represent actual cases. 
The height of AEWs and BWs are different because these two waves develop and 
propagate in different areas. Previous studies have noted that the African easterly jet is the 
boundary used to distinguish the type of African wave (Reed et al., 1988a; Lau and Lau, 
1990; Chen, 2003 ). It appears there are different effects due to the mid-level high. 
However, previous studies did not seem to pay attention to the role of the mid-level high 
for AEW development. 
The jet on the southern side of the African easterly jet comes from the gradient of 
the mid-level high. BWs generate in the area with barotropic and baroclinic instability and 
the maximum amplitude of the waves are at the mid level. This was noted previously in 
the review of the previous studies in Chapter 2. It implies that the height of BWs is not 
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limited under the mid level. Some studies mentioned that BWs are mid levels waves 
distinguished from low-level waves due to the fact that low-level waves are shallow. 
Thus, based on these features and the dynamic process of AEWs and BWs, the 
mid-level high has an important role in wave development. This is because the mid-level 
high has two functions for AEWs and BWs. 
1. The mid-level high provides the major circulation at the mid level over North 
Africa in the formation of the African easterly jet (Chen and Hsieh, 2003). In turn, 
the African easterly jet can induce barotropic and baroclinic instability along or on 
the southern side of the jet with a strong horizontal and vertical wind shear. Most 
previous studies noted that BWs develop in this area with a barotropic and 
baroclinic energy conversion. However, the importance of the mid-level high has 
not been mentioned. The possible reason is because the mid-level high does not 
have a direct function for BWs; however, Chen and Hsieh (2003) pointed out that 
the African easterly jet forms part of the mid-level anti-cyclonic circulation over 
North Africa in the summer time. In the BW case analysis of the study, it is clear 
that the BW propagates and develops on the south edge of large-scale anti-cyclonic 
circulation. The maximum amplitude of BWs at in the mid-level troposphere as 
noted in numerous studies. Previous results were based on barotropic instability as 
the condition for wave development which implies that maximum amplitude is in 
conjunction with the African easterly jet. This does not seem to be the complete 
reason, and BWs usually propagate at the south edge of the mid-level high as 
shown in the case study in Chapter 4. The high does not suppress the perturbation. 
It implies that the height of BWs is not limited under the high. 
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2. Some previous investigations have noted that AEWs have a shallow structure. The 
quality of early data over the Sahara Desert was inferior. The vertical motion of 
AEWs is not due to cumulus convection. Satellite images do not easily identify 
waves on the northern side of the jet. Therefore, the development mechanism has 
not been understood very well. Recent studies have noted the waves. reach 
maximum amplitude near the surface and have a vertical structure. Above the 
surface, the perturbation is not related to the trough. Researchers have conjectured 
that AEWs develop with a positive transient baroclinic conversion (— w' T') process 
near the surface. However, there has not been a clear explanation of the role of the 
mid-level high in limiting AEWs. Most results purport that surface heat is the 
important source for wave development over the desert and that the wave is formed 
due to non-favorable baroclinic instability without a strong vertical wind shear. On 
the other hand, Chen (2003) presumed that AEWs generate in the monsoon trough 
under the mid-level high. The current study extended Chen's results to analyze the 
development of AEWs. The results indicate the waves are shallow and have 
maximum amplitude at the low level. This agrees with the results of previous 
studies (Reed et al., 1988b; Pytharoulis and Thorncroft, 1999). AEWs are under the 
mid-level high before they catch the jet. This implies the mid-level high has a 
direct function limiting AEW development. 
Thus, the first objective of the currently study mainly explored the limitations of 
AEWs. Two typical cases of AEWs and BWs were applied to perform a synoptic analysis 
of the waves. The results indicate that AEWs are shallow near the surface and that BWs 
have a strong amplitude at the mid level. The thermal conditions and the ambient flow 
102 
for these waves were explored to understand the actual structure of these waves in the 
environment. The current study agrees with some previous studies. The results of the 
vorticity budget equation based on the synoptic conditions of this wave explain the 
different features of AEWs and BWs and describe the unique phenomena of the waves; 
for example, the low-level perturbation, which is different from other tropical 
perturbations in the region. 
6.3. The different jet interaction between AEWs and BWs 
The second objective of this study was to explore the interaction between the 
African waves and the African easterly jet. Two typical cases of AEWs and BWs were 
applied in the previous chapter to analyze the flow pattern with the jet. The Fourier 
separation method and vorticity budget analysis were used to study the relationship and 
the dynamic processes between the African wave and the African easterly jet. 
6.3.1. African easterly waves 
When AEWs move westward and develop near the West African coast in the 
growing stage their height is still limited by the mid-level high. However, there is a 
trough of AEWs in the mid level on the northern side of the African easterly jet. Thus, 
the jet stream could be changed by the trough. There are several features of AEWs near 
the African easterly jet. 
1. The flow near the trough of the AEWs has greater north-south motions and the 
wind speed of the jet is weak in the trough. 
2. The ridge is located on the western side of the trough and is accompanied by a 
stronger j et with an easterly wind component at the mid level. 
3. In time variation, the ridge passing the sampling area near the West African coast 
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can induce stronger winds and the trough will follow the ridge for propagation 
with the weaker j et stream. 
4. The ridge and the trough in the mid level are like a dipole system and can perturb 
the jet speed. 
5. In synoptic evolution, the ridge is formed in the mid level, because the major 
circulation at the mid level is high and AEWs develop to form a small trough at 
the mid level. 
Thus, the flow pattern of AEWs is derived from the stronger jet stream on the 
southern side of the ridge and the weak jet stream is located at the trough line. The 
Fourier separation method can be used to isolate the perturbation of the AEWs and 
analyze the long- and short- wave component characteristics. The results indicate that the 
long-wave could represent the mid-level high properly. The African easterly j et is located 
on the southern side of the long-wave component of the high. The short wave component 
could also represent the perturbation in the low level properly, and the ridge and the 
trough are at the mid-level high. The short-wave component of the ridge is an 
anti-cyclonic rotation and that of the trough is a cyclonic rotation at the mid level. Thus, 
one can compare the flow of the short-wave systems with the African easterly jet at the 
mid level. The results indicate some characteristic of AEWs. 
1. The short-wave systems are on the northern side of the African easterly jet. They 
are dipole systems in the growing stage. 
2. There is an easterly-wind component on the southern side of the anti-cyclonic 
vortex and the wind direction is the same as the African easterly jet. 
3. In contrast, there is a westerly wind component on the southern side of the cyclonic 
vortex and the wind direction is opposite of the African easterly j et. 
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As shown previously, the anti-cyclonic vortex representing the ridge at the mid 
level increases the African easterly jet and the cyclonic vortex representing the trough at 
the mid level decreases the jet in the growing stage. The wind speed near the trough also 
increases with latitude and can be denoted by the cyclonic vortex because the wind of the 
vortex changes gradually with latitude, from an westerly component to a easterly 
component. 
Although previous studies had used the scale separation method to illustrate the 
characteristics of the African waves, they did not synoptically compare the results with the 
African easterly jet. Previous studies also employed the spectrum method to isolate the 
perturbation signal, and an energetic analysis was conducted to present the relationship 
between African waves and the jet. Previous studies only mentioned that African waves 
could affect the African easterly jet, but no attempt was made to describe the relationship. 
Therefore, the Fourier separation method was used in the current study to isolate the 
waves and explore the interaction between the perturbation and the jet. 
Using vorticity budget analysis, the major process of the AEWs is the positive 
vortex stretching term at the low level and is negative at the mid level. The second process 
is the positive zonal vorticity advection term in the mid level. The dynamic process of the 
ridge was presented in Chapter 4. The major process is the negative zonal vorticity 
advection term in the mid level, and the second is the positive vortex stretching term at the 
mid level. Then, comparing the magnitude of the absolute value of the zonal vorticity 
advection term of the ridge and the trough shows that the ridge is larger than the trough. 
Thus, the relationship of AEWs and the African easterly jet is also shown through the 
zonal vorticity advection term. 
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The sum of the vortex stretching term and the zonal vorticity advection term of the 
AEWs at the mid level is a negative vorticity tendency. It appears that the vorticity of 
AEWs need to have another positive process to continue development. In this instance, 
planetary vorticity advection from the mid-level high is the key process in the 
development of vertical perturbation, and the jet can be decelerated by this perturbation. 
The sum of these two terms of the ridge at the mid level is the negative vorticity tendency 
of the ridge in increasing anti-cyclonic rotation with larger wind speed. 
The perturbation at the mature stage moves into the southern side of the jet. The 
zonal vorticity advection term becomes larger than the vortex stretching term at the mid 
level and the northerly planetary advection becomes weak. Then, the jet is related to the 
larger zonal vorticity advection term. 
Therefore, vorticity budget analysis can be used to present the vorticity tendency to 
determine the vorticity of the perturbation and variation of the wind speed. It is an 
alternative way to illustrate the interaction. 
6.3.2. Burpee waves 
In traditional theory, BWs develop with a stronger vertical and horizontal wind 
shear on the southern side of the African easterly jet. In a real-time variation of the jet, 
there is a maximum value of wind speed when BWs pass the sampling area near the West 
African coast. Synoptic analysis shows the jet is located on the northern side of BWs to 
satisfy the criteria of barotropic and baroclinic instability, as mentioned in previous 
studies. 
In Fourier scale separation, the long-wave component in the mid and low levels 
represents the monsoon ridge and the low level trough as the result of the AEW. BWs can 
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be isolated properly within ashort-wave regime and the perturbation is a cyclonic vortex 
at the mid and low levels in the mature stage. The easterly wind component on the 
northern side of the perturbation can also be presented by scale-separation analysis. Thus, 
it can be shown that BWs increase the jet. 
In the vorticity budget analysis, BWs have a strong positive zonal vorticity 
advection with a strong jet, and a secondary process is the positive vortex stretching term 
at the low level and the negative vortex term at the mid level. The budget of the vortex 
stretching term and the zonal vorticity advection in the mid level is also a positive. 
vorticity tendency. The vorticity of B Ws could increase with a stronger j et speed. 
Thus, vorticity dynamics show that BWs can be maintained with a positive zonal 
vorticity advection term and the jet can be increased with the stronger vorticity of BWs. 
This indicates that the interaction between the waves and the jet is not a uni-directional 
reaction. 
Finally, the relationship of AEWs and BWs can both decrease and increase the jet, 
respectively. Two reasons are given to signify this importance. 
1. Previous studies did not distinguish the interaction of the jet for AEWs and BWs. 
This was reasonable, because early studies could not distinguish AEWs and BWs 
due to inferior data. Thus, numerical studies were used to validate the results of 
early observations. 
2. Recent studies have used improved data to analyze the African wave and have 
revealed there are shallow AEWs and traditional BWs on either side of the jet. 
These studies continue to stress the relationship between the African waves and the 
jet is that the African waves weaken the jet. The current study accessed NCEP 
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reanalysis data and extended the results of Chen (2003) to analyze AEWs and BWs. 
First, the role of the monsoon ridge and trough in the development of the AEWs 
and BWs was explored to understand how large-scale circulation affects the 
perturbation in synoptic conditions and dynamic processes. Next, the current study 
explored the role of AEWs and BWs in time variation of the African jet to observe 
how the perturbation changes the jet flow. The major purpose of this study was to 
determine the interaction between the jet and waves that provide the important 
climactic characteristics over North Africa in the summer. 
6.4. Recommendations for Future Study 
The present study explored the general interaction and the relationship between 
the African waves and the African easterly jet. The study focused on the variations of the 
African easterly jet with synoptic-scale waves including AEWs and BWs. Here, the 
vorticity equation is applied to analyze the dynamic process of the interaction between 
the African waves and the African easterly jet. However, the thermal dynamic process for 
the interaction may be explored to understand the effect of the mid-level high and 
low-level trough. Next, the development of African waves is not limited by the stationary 
monsoon ridge at the mid level. The time variation component also affects development. 
However, interseasonal variations of the jet and the waves were not explored in this 
study. 
Previous studies have pointed out that African waves are the source of hurricanes 
over the North Atlantic Ocean (Frank, 1970; Wallace, 1970). Previous studies as well as 
the current study have also noted that not every AEW or BW will become a tropical 
storm. Most waves decay and die in the Atlantic Ocean. This generally happens when the 
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mid-level jet is weak and away from the North African continent, and the surface 
temperature and moisture field of the land and the sea are different. The mechanism of 
decay or development of the perturbation was not explored in the current study. 
On the other hand, reanalysis datasets are available and could provide sufficient 
long-range data of good quality to study African waves. Additional data such as 
observations via satellite, upper-air data and station data enable greater in-depth studies 
than collections in the past. The advancement of these data has improved resources for 
related studies over North Africa (e.g., Fyfe, 1999). Synoptic analysis of the current 
study using these datasets could be done with few subjective effects. This is a great 
improvement over past research methods. 
As mentioned previously, many factors have yet to be explored, and the 
improvement in the datasets will enable future researchers to explore African and Burpee 
waves with greater detail. Therefore, it is suggested that future studies consider the 
mechanism of the waves over the ocean to understand wave development with a gradual 
weakening of the jet at the mid level. 
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APPENDIX: SUPPLEMENTARY FIGURES 
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Fig, A-1 (a) The AEW disturbance tracks from Aug to Sep 1985 (after Reed et al., 1988a), 
and (b) meridional vertical section of the meridional wind variance (m2s-2) for wave 
of 2.9 to 4.3-day period along 9°W (after Reed et al., 1988b). 
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Fig. A-2 The time mean of (u~2+v~2)/2(m2s-2) from Jul to Sep 1995 at (a) 700 and (b) 950mb. 
u' and v' are the zonal and meridional wind component in the 2.5 to 6-day period. 
Contour interval is 1 m2s-2. The dash line contour represent regions where the mean 
easterly flow at 700mb was stronger than Ems-1. Contour interval is 
2ms-1( after Pytharoulis and Thorncroft, 1999) 
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Fig. A-3 The north-south vertical cross-section of the mean zonal wind distribution in the 
North Africa from 30°W to 10°E. during August 23th to September 19, 1974. 
Latitude corresponds to the maximum disturbance amplitude at 700mb about 12°N. 
Contour interval is 2.Sms-1 (after Reed et al., 1977). 
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Fig. A-4 Associated correlation patterns at p=850mb.(a) Geopotential height c~ and 
velocity ,(b) relative vorticity ~ , (c) vertical motion c~ , (d) temperature T, and (e) 
specific humidity q. Intervals ford, ~ , ~, T and q are lOm2s-2, 2x10-Ss 1, 5x10-3Pa 
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Fig. A-5 Vertical cross-section along the reference latitude of the disturbance composite. (a) 
Meridional wind deviation (unit: ms-i); (b) zonal wind deviation (unit: ms-1); (c) 
vorticity 
(10_s s-1); (d) divergence (10-6s-1). R,N,T, S represents the ridge, northerly 
wind, trough, and southerly wind sectors of the disturbance respectively (after Reed 
et al., 1977). 
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